AD-A087  280  GENERAL  DTNAMICS  CORP  FORT  WORTH  TX  FORT  WORTH  DIV  f/% 

FATIGUE  BEHAVIOR  OF  ADHESIVELY  BONDED  JOINTS.  VOLUME  I.fU> 

APR  80  J  ROHANKOr  W  6  KNAUSS  F 33615-76-052 20 

UNCLASSIFIED  AFWAL-TR-80-*037-V0L-l  NL 

u/i 

(•»> 

■ 

n 

j 

 j 

i 

_ 

J 

ADA08T280 


/)  AFWAL-TR-80-4037  -  , 

Volume  I 


i  4 

!•  V 


FATIGUE  BEHAVIOR  OF  ADHESIVELY 
BONDED  JOINTS 


JOHNROMANKO 
W.  G.  KNAUSS 

GENERAL  DYNAMICS,  FORT  WORT/tDTVISION 
PASADENA, -CAtfFGRMA 

,  V\  T> 


APRIL  1980 


TECHNICAL  REPORT  AFWAL-TR-80-4037,  Volume  I 
Final  Report  for  period  July  1976  —  December  1979 


Approved  for  public  release ;  distribution  unlimited. 


MATERIALS  LABORATORY 

AIR  FORCE  WRIGHT  AERONAUTICAL  LABORATORIES 
AIR  FORCE  SYSTEMS  COMMAND 
WRIGHT-PATTERSON  AIR  FORCE  BASE,  OHIO  45433 


80  7  28  053 


NOTICE 


When  Government  drawings,  specifications,  or  other  data  are  used  for  any  pur¬ 
pose  other  than  in  connection  with  a  definitely  related  Government  procurement 
operations,  the  United  States  Government  thereby  Incurs  no  responsibility  nor  any 
obligation  whatsoever;  and  the  fact  that  the  government  may  have  formulated, 
furnished,  or  in  any  way  supplied  the  said  drawings,  specifications,  or  other 
data,  is  not  to  be  regarded  by  implication  or  otherwise  as  in  any  manner  licen¬ 
sing  the  holder  or  any  other  person  or  corporation,  or  conveying  any  rights  or 
permission  to  manufacture,  use,  or  sell  any  patented  Invention  that  may  in  any 
way  be  related  thereto. 


This  report  has  been  reviewed  by  the  Office  of  Public  Affairs  (ASD/PA)  and  is 
releasable  to  the  National  Technical  Information  Service  (NTIS) .  At  NTIS,  it 
will  be  available  to  the  general  public,  including  foreign  nations. 


This  technical  report  has  been  reviewed  and  is  approved  for  publication. 


WILLIAM  B.  JONES  ,  PhC  Matls  Rsch  Engr. 
Composites,  Adhesives  &  Fibrous  Matls  Br 
Nonmetalllc  Materials  Division 


THEODOBg^/.  REINHART,'  JR. ,  Chief 
Composites,  Adhesives  &  Fibrous  Matls 
Nonmetalllc  Materials  Division 


Br 


FOR  THE  COMMANDER 


L.IN  D. 
Nonmetalllc  Mat 


Chief 
Division 


"If  your  address  has  changed,  if  you  wish  to  be  removed  from  our  mailing  list, 
or  if  the  addressee  is  no  longer  employed  by  your  organization  please  notify 
AFWAL/MLBC,  W-PAFB,  OH  45433  to  help  us  maintain  a  current  mailing  list". 

Copies  of  this  report  should  not  be  returned  unless  return  is  required  by  se¬ 
curity  considerations,  contractual  obligations,  or  notice  on  a  specific  document. 

AIR  PORCE/56780/1S  July  19(0  —  230 


r 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (When  Dele  Enured ) 


7  \  ftx  J  i  e,?rv. ,  t  ■  I 

\  Jul 


|  REPORT  DOCUMENTATION  PAGE 


Bir.P  READ  INSTRUCTIONS 

rwv,t- _ BEFORE  COMPLETING  FORM 

12.  GOVT  ACCESSION  NO.  3  RECIPIENT'S  CATALOG  NUMBER  "" 


i  AFWAi^rR-8^-Agr37^.voi^/)  >  fl^Ae*7;iS: 

4.  TITLE  (and  1 

ff  ^|~Fatigue  Behavior  of  Adhesively  Bonded”! 

Vift  Joints  c  *. - - 

[^Volume  1 4  \ 


17^  A..TupB/|l 

Kil  John  JRomanko 


5.  TYPE  of  REPORT  4  PERIOD  COVERED 

Technical  -  Final 
July  1976  -  April  1980 

6  performing  org.  report  number 
•  CONTRACT  OR  GRANT  NUMBERf,) 


j  jK.1  John  Some 

v±9lw.  G^Knj 


F33615 


-76-C-52^ji 


7340D226 


9.  PERFORMING  ORGANIZATION  NAME  AND  AODRESS  '  10  PROGRAM  ELEMENT.  PROJECT  TASK 

General  Dynamics  Corp.  area  4  work  unit  numbers 

Fort  Worth  Division  (lU 

Raaadena ,  C A  ^  _ 

II.  CONTROLLING  OFFICE  NAME  AND  ADDRESS  ~uJ  j^y^gpoRT  DATA 

Materials  Laboratory  ^  //TApr^W80^  j 

Air  Force  Wright  Aeronautical  Laboratories  \  T7%A.BETroF'pA,GEs“^. 

AFSC ,  WP  AFB,  Ohio  45433 _ _ _ [ 

14.  MONITORING  AGENCY  NAME  4  AOORESSdl  dilieretTt  tram  Controlling  Office)  IS.  SECURITY  CLASS,  (ol  rhl.l 

Unclassified 


LIMBER  OF  PACES 


IS«.  OECL  ASSI  F|  CATION  /  DOWNGRADING 
SCHEDULE 


[16-  DISTRIBUTION  STATEMENT  (ol  thl  s  Rm^rt) 


Approved  for  public  release;  distribution  unlimited. 


[  17.  DISTRIBUTION  STATEMENT  (ol  tho  ebetrect  entered  In  Block  20,  II  dllterent  Irotn  Report) 


It.  SUPPLEMENTARY  NOTES 


19.  KEY  WORDS  (Continue  on  reeeree  •  /<#•  II  neceecery  and  Identify  by  block  number) 

Adhesive  Bonding,  Structural  Adhesives,  Adhesive  Material  Charac¬ 
terization,  Instrumented  Fatigue  Testing,  Neat  Materials,  Bonded 
Joints,  Stress  Analysis,  Finite  Elements. 


20.  ABSTRACT  (Confirm*  on  reeer&e  tide  II  neceeeery  end  Identify  by  block  number) 

X' The  fatigue  behavior  of  adhesively  bonded  aluminum  joints  was 
investigated  analytically  and  experimentally.  Stress  distribu¬ 
tions  in  the  adhesive  interlayer  were  calculated  to  guide  planning 
of  the  joint  tests  and  the  interpretation  of  the  test  results. 

Finite  element  stress  analyses  were  conducted  using  a  linear  elas¬ 
tic,  and  a  three-element  linear  viscoelastic  model  for -K continued]  — ^ 


DO  |  JAN ^71  1473  COITION  OF  I  NOV  41  14  OBSOLETE 


Unclassified _ 

SECURITY  CLASSIFICATION  OF  THIS  PAOE  (When  Ole  Emend) 


y  - ?  i  . 1 


SECURITY  CLASSIFICATION  OF  THIS  PAOCflWmi  DMm  Knfndj 


'the  adhesive  behavior.  Thick  adherend  lap-shear  specimens  of  the 
model  joint  configuration  were  fabricated  and  tested.  These 
specimens  were  instrumented  and  subjected  to  sinusoidal  fatigue 
tests  at  several  frequencies,  humidities  and  temperatures.  Certaii 
tests  were  interrupted  at  various  stages  and  the  specimens  exam¬ 
ined  for  fatigue  damage.  Damage  was  found  to  initiate  in  the 
(calculated)  high  stress  regions,  and  to  propagate  with  further 
load  cycling.  Observations  and  recommendations  resulting  from 
the  investigation  are  included  in  this  final  report. 


security  CLASSIFICATION  or  »AOErW*>m  Dm  El 


FOREWORD 


This  technical  report  describes  the  research  conducted 
for  the  Air  Force  Wright  Aeronautical  Laboratory,  Air  Force 
Systems  Command,  Wright-Patterson  Air  Force  Base,  OH  45433, 
under  Contract  F33615-76-C-5220 ,  with  Dr.  W.  B.  Jones,  Jr., 
MLBC,  as  Project  Engineer. 

Dr.  John  Romanko,  GD/FWD  Program  Manager,  acknowledges 
the  interest  and  guidance  of  Dr.  Jones  and  consultant  Dr. 

W.  G.  Knauss  of  California  Institute  of  Technology  in  this 
program.  Many  scientists  of  Materials  and  Structures  Tech¬ 
nology,  General  Dynamics'  Fort  Worth  Division,  contributed 
to  the  efforts  reported  herein:  Messrs.  R.  S.  Chambers  and 
L.  R.  Collins  conducted  the  stress  analysis  task;  Drs .  P.  L. 
Flynn  and  J.  Romanko,  and  Messrs.  R.  H.  McDaniel,  F.  C.  Nord- 
quist,  M.  A.  Flanders  and  J.  D.  Reynolds  were  responsible  for 
the  materials  characterization;  Messrs.  R.  L.  Jones  and  F.  C. 
Nordquist  conducted  the  cyclic  fatigue  testing;  Ms.  C.  L. 
Amerson  and  Mr.  M.  E.  Tohlen  performed  data  evaluation,  and 
Messrs.  B.  0.  McCauley  and  E.  W.  Turns  prepared  the  model 
joints  and  neat  adhesive  coupons,  with  assistance  from  Mr. 

W.  L.  Toothaker  of  the  Quality  Assurance  Group. 

This  report  is  written  in  two  volumes .  Volume  I  con¬ 
tains  the  essential  details  of  the  program  with  Volume  II 
contributing  the  supportive  data  and  derivations  in  Appendix 
form. 
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SECTION  I 


1.1  Introduction 

Adhesive  bonding  offers  many  advantages  for  joining  metal 
aircraft  structures.  The  advantages  are  primarily  economic, 
with  initial  costs  being  reduced  through  design  simplicity  and 
reduced  part  count,  and  with  additional  savings  potential  being 
offered  through  increased  fatigue  and  corrosion  resistance  and 
through  reduced  maintainance  costs. 

Until  recently,  adhesive  bonding  had  been  used  in  secon¬ 
dary  structures  and  rarely  for  joining  primary  structural  ele¬ 
ments,  due  to  poor  reproducibility  and,  consequently,  low  con¬ 
fidence  on  the  part  of  the  designer.  In  recent  years  rapid  and 
substantial  improvements  in  materials  and  in  processing  and  in 
bonded  joint  structural  analyses  have  been  made  that  contribute 
to  improved  bonded  joint  reliability  and  design  confidence. 

These  improvements  facilitated  the  transition  of  adhesive 
bonding  into  aircraft  primary  structural  applications  in  the 
PABST  (Contract  F33615- 75-C03016)  advanced  development  program. 
This  program  has  clearly  established  the  initial  cost  savings 
potential  for  adhesive  bonding  and  is  exploring  fatigue  endur¬ 
ance  through  accelerated  laboratory  and  structural  verification 
tests.  While  this  approach  addresses  the  adequacy  of  joints 
early  in  service,  there  is  no  basis  for  extrapolating  the  test 
results  to  long  term  service.  Further,  there  is  little  informa¬ 
tion  or  data  generated  that  can  be  used  to  diagnose  the  causes 
of  fatigue  degradation  and  to  suggest  approaches  to  improve  the 
fatigue  life  of  adhesively  bonded  joints. 

In  order  to  achieve  the  full  potential  offered  by  adhesive 
bonding,  a  thorough  understanding  is  required  of  the  fundamental 
mechanisms  of  fatigue  damage  operative  during  service.  In  par¬ 
ticular,  it  is  important  to  inquire  into  the  behavior  of  the 
polymeric  adhesive  interlayer  of  the  metal/adhesive/metal  bonded 
joint  in  terms  of  service  environmental  regimes,  recognizing  the 
time,  temperature,  and  moisture  sensitivity  of  polymers. 


1 


Knowledge  of  the  time/ temperature/moisture  behavior  of  the 
adhesive  interlayer  in  itself  is  an  important  part  of  understan¬ 
ding  the  behavior  of  the  total  metal/adhesive/metal  joint.  To 
use  this  material  response  advantageously  in  order  to  analyze 
overall  joint  behavior  requires  an  adequate  representation  of 
the  stress/strain  distribution  within  the  adhesive  interlayer 
on  a  point-to-point  basis.  This  requires  a  sophisticated  stress 
analysis . 

Stresses  in  bonded  joints,  and  especially  in  the  adhesive 
interlayer,  can  be  calculated  using  structural  mechanics  meth¬ 
ods.  Due  consideration  should  be  given  to  all  stress -generating 
stimuli  including  cure  and  thermal  shrinkage,  as  well  as  exter¬ 
nally  applied  mechanical  loads.  However,  such  analyses,  taking 
into  account  the  time- dependent  behavior  of  the  adhesive  layer, 
are  beyond  the  state  of  the  art.  While  other  investigations 
are  underway,  discussions  in  this  report  will  address  the  more 
simplified  case  of  an  elastic  joint  under  static  load,  and  one 
three-element  viscoelastic  model  of  the  adhesive  behavior. 

These  simplified  analyses  can  effectively  serve  to  guide  ex¬ 
periments  and  to  organize  the  resulting  data. 

For  the  coordinated  analytical/experimental  investigation, 
a  "model"  joint  has  been  selected.  The  joint  selected  is  the 
Bell  thick-adherend  specimen  that  has  the  advantages  of  being 
conveniently  processable  using  normal  production  processing 
methods,  and  upon  loading,  has  a  relatively  low  "peel"  or  normal 
component  in  the  stress  distribution. 


1.2  Program  Objectives 

The  objectives  of  this  program  are  to  elucidate  the  funda¬ 
mental  mechanisms  of  fatigue  degradation  in  structural  adhesive 
joints  and  to  identify  the  dominant  fatigue  mechanisms  with  air¬ 
craft  service  environmental  regimes . 

The  scope  involves  an  in-depth  assessment  of  fatigue  deg¬ 
radation  mechanisms  and  failure  modes  in  adhesively  bonded 
joints  subjected  to  a  range  of  cyclic  mechanical  loads , tempera¬ 
tures,  and  moisture  environments  representative  of  service  con¬ 
ditions  for  modern  high  performance  aircraft.  It  defines  the 
constitutive  relations  for  the  adhesive  interlayer  to  establish 
and  describe  the  physical  and  mechanical  property  changes  and 
rate  of  changes  that  occur  during  instrumented  fatigue  testing, 
to  provide  a  correlative  framework  from  which  to  describe  and 
to  predict  degradation  mechanisms  and  failure  modes  in  adhe¬ 
sively  bonded  joints  exposed  to  service  environments. 
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The  program  involves  a  model  adhesive  joint,  a  thick-adhe- 
rend  single  lap  shear  test  specimen, with  A1  7075-T651  adherends 
and  FM-73M  adhesive, and  selected  "neat"  adhesive  specimens  to 
characterize  the  physico-chemical  behavior  of  the  adhesives . 

The  program  was  conducted  in  six  interrelated  experimental 
and  analytical  parts : 

o  Specimen  Preparation  -  Fabrication  and  environmental  condi¬ 
tioning  of  model  shear  test  specimens,  neat  adhesive  speci¬ 
mens,  and  moisture  control  specimens 

o  Adhesive  Characterization  -  Measurement  of  mechanical  adhe¬ 
sive  property  data  necessary  to  define  the  constitutive  rela¬ 
tions  for  the  adhesive  interlayer  over  a  range  of  tempera¬ 
tures  and  moisture  contents 

o  Stress  Analysis  -  Use  of  finite  element  techniques  to  des¬ 
cribe  the  stress-strain' distributions  within  the  adhesive 
interlayer 

o  Model  Joint  Testing  -  Measurement  of  static  and  dynamic  mech¬ 
anical  response  of  lap  shear  specimens  as  a  function  of  tem¬ 
perature,  moisture  content,  load  level,  load  rate,  load  dura¬ 
tion,  and  frequency 

o  Post-Test  Examination  -  Use  of  NDE  techniques,  such  as  ultra¬ 
sonics,  neutron  radiography,  adherend  etching  and  optical  and 
scanning  electron  microscopy  (SEM) ,  and  X-ray  photoelectron 
spectroscopy  (XPS)  techniques  to  characterize  the  physical, 
topographical,  and  chemical  characteristics  of  neat  specimens 
and  failed  surfaces 

o  Prediction  of  Fatigue  Degradation  Mechanisms  -  Delineation 
and  assessment  of  the  observed  degradation  mechanisms  and 
failure  modes  in  terms  of  the  individual  and  combined  effects 
of  environment,  and  prediction  of  service- induced  degradation. 


1 , 3  Background 

The  AFWAL/ML  W-P  AFB,  has  sponsored  a  number  of  separate 
programs,  each  designed  to  provide  solutions  to  various  segments 
of  the  puzzle  of  the  structural  behavior  of  adhesively  bonded 
systems.  They  fall  under  the  general  topics  of  analysis,  failure 
mechanisms,  design/ failure  criteria,  test  methods,  and  design 
data  Some  of  these  include:  Characterization  of  Surfaces  Prior 
to  Adhesive  Bonding  (F33615-75-R-5143) ,  Fracture  Mechanics  Meth- 
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odology  for  Structural  Adhesive  Bonds  (F33615-75-R-5224) ;  Struc¬ 
tural  Properties  of  Adhesives  (F33615-75-R-5205) ,  Cure  Monitor¬ 
ing  Techniques  for  Adhesive  Bonding  Processes  (F33615-76-R-5170) 
and  Improved  Adhesive  Bond  Flaw  Measurement  Methods  (F33615-75- 
R-5079) ,  and  the  aforementioned  PABST  program. 

Among  these,  the  program  on  Fatigue  Behavior  of  Adhesively 
Bonded  Joints  (F33615-76-5220),  conducted  by  General  Dynamics/ 

Fort  Worth  Division  and  the  subject  of  this  final  report,  is  one 
of  the  more  ambitious  technology  programs  contributing  towards 
the  development  of  accurate  methods  for  predicting  the  service 
life  of  adhesively  bonded  joints  (Ref.  1)  . 

This  program,  initiated  in  mid  1976,  has  generated  impor¬ 
tant  environmental  behavior  data  on  advanced  adhesives  FM-73M 
(and  FM-400)  and  on  model  joints  fabricated  therewith  and  con¬ 
ditioned  to  a  range  of  fatigue  loads,  temperature,  and  moisture 
environments  representative  of  service  conditions  for  modem 
high  performance  aircraft.  In  an  iterative  procedure,  this  data 
is  coupled  with  a  finite  element  stress  analysis  computer  pro¬ 
gram  developed  at  General  Dynamics  using  a  sophisticated  (MARC) 
viscoelastic  procedure  to  define  and  accurately  predict  the 
behavior  of  the  bonded  joints  for  in-service  environmental  con¬ 
ditions  . 

Some  of  the  questions  this  formulation  intends  to  answer 
include:  why  low  cycle  fatigue  failure  is  detected  in  what 
appears  to  be  a  relatively  short  period  of  time;  what  is  the 
relation  between  load  intensity  and  fatigue  life;  and  whether 
data  generated  on  environmental  testing  under  "accelerated"  test¬ 
ing  conditions  are  valid,  and,  if  so,  to  what  extent? 

A  precursor  program  on  "Structural  Properties  of  Adhesives", 
recently  completed  by  Vought  Corporation,  Advanced  Technology 
Center  Inc.,  Dallas,  Texas  (Ref.  2  )  was  to  have  laid  some  of 
the  groundwork  for  the  program  on  "Fatigue  Behavior  of  Adhesive¬ 
ly  Bonded  Joints",  but  the  timing  of  the  two  programs,  which 
commenced  within  a  few  months  of  each  other,  precluded  the  use 
of  a  number  of  test  procedures  eventually  developed  in  the  former 
for  generating  rigorous  engineering  structural  property  data  on 
adhesives.  For  example,  use  of  the  creep  compliance  strain  gage 
device  in  instrumented  fatigue  testing  of  the  model  thick-adher- 
end  single  lap  shear  bonded  joint  specimen  in  the  "Fatigue  Be¬ 
havior  program"  was  a  matter  of  going  ahead  with  an  instrument 
which  was  a  workable  device  and  available  at  the  time.  It  was 
only  after  much  of  the  instrumented  fatigue  testing  had  been  com¬ 
pleted  in  the  fatigue  behavior  program  that  another  type  of  gage, 
viz.,  the  capacitance  gage  was  recommended  and  subsequently 
checked  out  in  the  structural  properties  program  (Ref.  3  ). 
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It  would  be  remiss  not  to  mention  other  researchers  who 
have  conducted  some  limited  cyclic  fatigue  testing  of  bonded 
joints  of  the  thick  adherend  design.  Schjelderup  of  Douglas 
Aircraft  Co.  (Ref.  4  )  has  conducted  a  series  of  such  tests 
sponsored  by  the  USAF  as  part  of  the  PABST  program  (Ref.  5  ) 
to  obtain  mechanical  property  data  for  FM-73M  and  to  determine 
if  a  correlation  between  neat  (cast)  tension  tests  and  thick 
adherend  shear  tests  could  be  established.  A  compilation  of 
the  mechanical  property  data,  including  load- deflection  curves 
are  summarized  in  Ref.  4  without  analysis  of  the  data.  A 
more  complete  compilation  is  found  in  Ref.  6. 

In  yet  another  USAF- sponsored  program,  Marceau  and  McMillan 
of  the  Boeing  Commercial  Airplane  Co.  (Ref.  7)  have  conducted 
cyclic  load  testing  of  thick  adherend  lap  shear  specimens,  among 
others,  and  have  reported  results  on  the  effects  of  cyclic  rate, 
stress  level,  environmental  exposure,  and  loading  mode,  on  frac¬ 
ture  path  and  specimen  life.  The  latter  program,  with  its  orien¬ 
tation  on  fracture  mechanics,  however,  does  not  delve  into  the 
basic  understanding  of  the  operative  fatigue  mechanisms  per  se, 
which  was  not  the  intent  of  the  program  anyway. 

Althof  of  DFVLR  in  Braunschweig  (West  Germany)  has  done  ex¬ 
tensive  research  into  the  viscoelastic  behavior  of  FM-73M  (and 
other  adhesive  systems)  and  on  bonded  joints  therewith.  (See, 
for  example,  Ref.  8  ). 

The  Fatigue  Behavioi  program,  however,  is  probably  the 
only  program  investigating  mechanisms  information  systematically 
on  the  adhesive  interlayer  of  a  bonded  joint  under  fatigue  cyc¬ 
ling.  It  takes  an  innovative  approach;  analytical  and  experi¬ 
mental  stress  analysis  techniques  are  applied  to  the  entire  bon¬ 
ded  joint;  experimental  results  of  instrumented  fatigue  testing 
thereof  (the  measurement  of  the  complete  load-deflection  his¬ 
tories  for  combinations  of  environmental  exposure  and  testing 
parameters)  and  subsequent  post-test  examination  of  the  adhesive 
interlayer,  before,  during  and  fatigue  failure  using  sophistica¬ 
ted  analysis  techniques  are  combined  with  the  stress  analysis 
to  elucidate  on  the  basic  fatigue  degradation  mechanisms  char¬ 
acterizing  the  joint  failure. 

This  program  was  concerned  with  a  specific  bonded  joint 
geometry,  viz.,  the  single  lap  shear  geometry  with  normal  adhe¬ 
sive  interlayer  thickness  in  the  range  6-10  mils,  but  with  thick 
(1/4  inch)  adherend  of  the  Bell  Helicopter  design  (Ref.  9  ) . 
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The  primary  interest  of  this  program  centers  around  the 
fatigue  properties  of  such  a  joint  as  a  function  of  various  en¬ 
vironmental  exposure  and  testing  parameters .  The  term  "fatigue" 
as  used  herein  refers  to  cyclic  mechanical  loading  and  unloading 
in  a  broad  sense,  and  includes  a  range  of  combinations  of  dura¬ 
tion  of  load  applied  and  load  removed,  as  well  as  a  range  of 
loading  rates  or  strain  rates.  Both  sinusoidal  and  square  wave 
tens ion- tens ion  loading  is  considered. 

In  the  interest  of  preserving  the  natural  sequence  of  events, 
this  document  will  discuss  each  of  the  six  main  topic  areas  in 
turn. 


SECTION  II 


SPECIMEN  PREPARATION 


2.  SPECIMEN  FABRICATION  AND  CONDITIONING 

Details  regarding  the  specimen  fabrication  of  three  basic 
types,  including  materials,  processes,  and  inspection,  are 
provided  in  the  following  sections.  They  are  the  model  joint 
specimens  for  the  fatigue  testing  program,. the  "neat"  adhesive 
material  specimens  for  the  material  characterization  studies, 
and  the  fracture  energy  specimens  for  the  stress  intensity 
measurements  and  crack  propagation  rate  versus  stress  intensity 
measurements .  ( 

2.1  Model  Joint  Specimens 

The  model  joint  specimen  used  for  all  fatigue  testing  is  the 
thick-adherend  single  lap  shear  test  specimen  shown  in  Figure  1 
(Ref.  10).  The  adherend  material  is  bare  aluminum  alloy  7075- 
T651.  The  aluminum  is  alkaline  cleaned,  acid  etched,  and  phos¬ 
phoric-acid  anodized  using  the  BAC-5555  process  (Ref.  11).  After 
oven  drying  following  rinse,  the  anodized  parts  are  coated  with 
Bloomingdale  BR-127  primer  and  cured  for  30  minutes  at  RT  and  60 
minutes  at  250°F  (Ref.  12) .  The  processed  parts  are  not  contacted 
in  any  manner  from  the  beginning  of  the  anodize  process  cycle  to 
the  completion  of  the  primer  oven  dry  cycle  to  avoid  such  contam¬ 
ination  as  is  possible  from  hands,  gloves,  and  paper. 

Test  tabs  from  the  aluminum  panels  are  measured  for  contam¬ 
inants,  both  after  anodize  and  after  primer  application,  with  wet- 
ability  measurements  and  spot  check  Auger  electron  spectroscopy 
(AES)  and/or  XPS  scans. 

The  adhesive  used  is  FM-73M,  a  250°F-cure  tape  from  American 
Cyanamid  of  Havre  de  Grace,  MD.  This  adhesive  has  a  matte  DacronR 
carrier.  PABST  testing  results  (Ref.  13)  have  shown  this  carrier 
to  be  superior  to  the  woven  type . 

One-quarter  inch  panels,  approximately  7"  x  16"  are  assem¬ 
bled  with  the  primed  aluminum  and  single  layer  adhesive  film,  and 
bondted  as  per  recommended  cure  procedures  for  each  adhesive . (Ref .  14). 

The  panels  are  saw  cut  on  each  side  to  form  the  %"  overlap,  and 
7"  and  1"  model  joint  specimens  are  cut  from  the  panels,  slotted, 
drilled  and  individually  identified. 
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2.1.1  NDE  Ultrasonic  Inspection 


Since  the  fatigue  behavior  or  failure  mechanisms  of  the 
test  specimens  are  strongly  dependent  on  the  initial  quality 
of  the  adhesively  bonded  specimens,  the  test  specimens  are  pre¬ 
pared  under  carefully  controlled  laboratory  conditions.  In 
addition,  each  finished  test  specimen  (test  area)  is  ultrason- 
ically  inspected  for  debonds,  voids,  bondline  thickness,  porosi¬ 
ties,  and  saw  cut  edge  damage.  The  inspection  is  accomplished 
using  one  of  two  computer  automated  ultrasonic  inspection  sys¬ 
tems.  The  inspection  records  of  each  acceptable  specimen  are 
kept  in  a  computer  disk  or  tape  for  future  correlation  and 
clarification  of  mechanical  test  results. 


2.1.2  Measurement  of  Bondline  Thickness 

Two  techniques  were  used  to  measure  bondline  thickness  in 
the  lap  area  of  the  model  joint  specimens.  One  technique  involved 
the  use  of  a  Scherr  Tumico  Optical  Comparator  (projection  micro¬ 
scope)  with  20X  optics.  The  other  technique  involved  the  use  of 
a  computer-automated  ultrasonic  inspection  system  in  the  pulse- 
echo  mode  using  Fourier  transform  analysis  (Ref.  15). 

The  former  technique  permits  measurement  of  bondline  thick¬ 
ness  along  the  exposed  edges  of  individual  model  test  specimens 
and  an  averaging  procedure  of  a  number  of  measurements  is  used  to 
obtain  an  effective  bondline  thickness  measurement  over  the  lap 
area.  The  latter  technique  can  be  carried  out  on  an  uncut  8"  x 
16"  bonded  sandwich  plate  and  measurements  can  be  made  over  the 
lap  area  locations  of  the  yet- to-be-cut  and  milled  model  speci¬ 
mens  . 


The  optical  technique  also  permits  direct  visual  inspection 
of  each  model  specimen  along  the  edges  for  voids,  porosity  and 
other  bondline  anomalies,  which  information  can  be  correlated 
with  the  ultrasonic  through  transmission  C-scan  data  obtained 
on  the  parent  uncut  sandwich  plate. 

The  ultrasonic  Fourier  analysis  technique  of  bondline  thick¬ 
ness  measurement  is  a  more  sophisticated  technique  and  involves 
pulse-echo  signal  convolution  of  the  resonance  frequence,  Af, 
using  an  analytical  Fourier  transform  coded  for  a  PDP11/45  digi¬ 
tal  computer.  In  addition,  the  velocity  of  sound,  v,  must  be 
known  in  the  adhesive  interlayer  of  thickness,  t,  the  latter 
being  determined  from  the  well-known  relation  t  =  v/2  Af. 


A  comparison  of  bondline  thickness  measurements  obtained 
using  the  aforementioned  optical  and  ultrasonic  techniques  shows 
good  agreement. 


2.2  Adhesive  Characterization  Specimens 

Two  specimen  thicknesses  are  used  for  adhesive  characteriza¬ 
tion  tests.  Two  and  four-ply  laminates  of  each  of  the  adhesive 
films  are  made  by  bonding  the  layers  of  tape  as  per  the  recommended 
adhesive  cure  cycle.  Laminating  and  bonding  is  accomplished  be¬ 
tween  V'  aluminum  plates,  coated  with  release  agent,  so  that  these 
adhesive  specimens  are  subjected  to  the  same  bonding  environment 
as  the  adhesive  in  the  model  joint  specimens. 

After  cure,  the  laminated  adhesive  panels  are  cut  with  a 
wafering  saw  to  provide:  specimens  for  tensile  creep  and  cyclic 
load-deflection  (F  vs  8  )  tests  at  temperatures  between  -65  F 
and  +140°F,  and  specimens  for  Poisson  ratio,  l>  ,  thermal  ex¬ 
pansion,  atjj,  f  and  glass  transition  temperature  Tg  measurements  to 
be  described  later. 

Experimentation  with  these  neat  adhesive  materials,  available 
with  and  without  scrim  carrier  material,  has  yielded  a  very  satis¬ 
factory  specimen  design  for  the  creep  compliance  measurements,  as 
shown  in  Figure  2  .  It  is  composed  of  three  or  four  adhesive 
film  layers  with  integrally-bonded  aluminum  end  tabs.  The  speci¬ 
men  has  an  aspect  ratio  of  30  and  has  dimensions  that  allow  mois¬ 
ture  conditioning  in  a  reasonable  length  of  time.  The  end  tabs 
are  bonded  during  cure  and  provide  positive  gripping  and  a  sharply 
defined  gage  length.  The  specimen  dimensions  also  are  designed 
to  provide  dead-weight  loading  to  high  stress  levels  with  modest 
weights  and  the  length  of  the  specimen  gives  an  easily  measurable 
response  without  exceeding  the  linear  capabilities  of  the  LVDT 
instrumentation  used. 

This  design  also  allows  the  production  of  the  specimens  in 
sheet  form  as  seen  in  Figure  A1  .  The  curved  adhesive  sheet  with 
integrally  bonded  end  tabs  is  then  sliced  carefully  with  a  wafer¬ 
ing  saw  to  produce  the  individual  tensile  specimens  of  the  dimen¬ 
sion  shown.  This  concept  has  been  proven  to  work  experimentally 
and  provides  consistent  specimens  in  large  quantities. 


2.3  Fracture-Energy  Coupons 

Two-inch  wide  center-notched  tensile  coupons  of  the  design 
shown  in  Figure  3  were  fabricated  for  the  energy  release  rate 
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Figure  3  FM-73M  Neal  Adhesive  Fracture  Energy  Coupon 
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and  crack  growth  rate  versus  stress  intensity  measurements  (re¬ 
ported  in  another  section) .  The  specimens  were  layed  up  with 
four-ply  FM-73M  tape,  with  A1  end  tabs  integrally  bonded  there¬ 
to  during  cure.  A  double-hole  pattern  at  the  end  tabs  with  adap¬ 
tors  to  a  single  pin  load  was  selected  to  provide  a  more  uniform 
stress  field  in  the  specimens  during  loading. 

Details  of  pre- cracking  of  these  specimens  (before  condition¬ 
ing)  is  described  in  another  section. 


2.4  Moisture  Control  Specimens 

Two  types  of  moisture  control  specimens  are  fabricated:  in¬ 
dividually-made,  joint- type  specimens  with  glass  adherends  and 
moisture  control  specimens  consisting  of  single  films  of  adhesive 
bonded  with  0.002"  Al  foil  skins.  Specimens  of  various  sizes 
from  0.5"  x  1.0"  (to  simulate  the  model  joint  lap  area)  to  about 
3"  x  4"  are  used.  During  specimen  conditioning,  small  slices 
are  cut  from  the  edges  to  measure  moisture  content.  These  speci¬ 
mens  are  also  used  during  fatigue  testing  to  monitor  moisture 
desorption. 


2.5  Specimen  Conditioning 

All  resins  absorb  moisture  to  various  extents.  The  satura¬ 
tion  level  attained  is  directly  related  to  the  relative  humidity 
of  the  exposure  environment,  and  to  the  rate  of  absorption,  i.e., 
the  approach  to  saturation,  is  controlled  by  the  exposure  tempera¬ 
ture.  Extensive  experimental  and  analytical  investigations  of  the 
moisture  absorption  process  have  been  conducted  by  various  research¬ 
ers.  Although  the  diffusion  process  varies  quantitatively  with 
resin,  the  qualitative  behavior  is  relatively  well  understood. 

A  moisture  absorption  model  using  a  finite  difference  solu¬ 
tion  to  Fick’s  Law  of  Diffusion  has  been  developed  to  predict  the 
concentration  and  distribution  of  moisture  in  resin  systems.  A 
comparison  of  predictions  of  this  model  with  laboratory  test  re¬ 
sults  shows  good  agreement. 


2.6  Moisture  Diffusion  in  Bonded  Joints 

The  diffusion  coefficients  were  determined  for  neat  FM-73M  and 
FM-400  and  used  to  calculate  the  moisture  distribution  in  the  over¬ 
lap  region  of  the  bonded  joints.  The  moisture  diffusion  parameters 


13 


for  this  adhesive  was  determined  to  be:  Pe  =  2 .17%  in  100%  RH, 
and  Dh2o  “  1.84  x  10"^  in^/day. 

The  one  dimensional  solution  for  moisture  distribution  as 
a  function  of  time  and  position  in  a  body  exposed  on  both  sides 
is  given  by  the  following  relation: 


where  Pe  =  Equilibrium  Moisture  Content  (Saturation  level' 

8=1/2  Total  Thickness 

k  =  5)2  with  D=  Diffusion  Constant. 

The  bondline  in  the  bonded  joint  specimens  measures  1.0"  x  0.5". 
If  the  moisture  ingression  from  the  1.0"  dimension  can  be  neglec¬ 
ted  along  the  centerline,  the  bondline  can  be  modeled  as  a  wide 
plate  with  a  thickness  of  0.5". 


Equation  (1)  was  programmed  on  a  9820  desk  computer  and  the 
results  for  FM-73M  are  shown  in  Figure  4  .  The  small  peaks 
near  the  center  of  the  overlap  are  attributed  to  poor  series 
convergence  of  Equation  (l)a t  very  low  concentrations.  After  one 
year,  the  FM-73M  specimens  will  be  nearly  saturated. 


Fifure  4  Moisture  Distribution  in  FM-73M  Adhesive  Exposed  to  100%  RH  at  60°C  (Calculated  Values) 


SECTION  III 


MATERIALS  CHARACTERIZATION 


3.1  Introduction 

The  fatigue  behavior  of  an  adhesively  bonded  joint  will  be 
greatly  influenced  by  the  constituent  material  properties,  es¬ 
pecially  those  of  the  adhesive,  which  define  the  deformational 
characteristics. 

The  physical  and  mechanical  properties  of  the  adhesive  in¬ 
terlayer  of  a  bonded  joint  or  structure  can  be  divided  into  two 
categories  in  this  respect:  these  are  "response"  properties  on 
the  one  hand,  dealing  with  the  deformational  characteristics  (up 
to  material  failure) ,  and  the  "fracture"  or  "failure"  properties 
on  the  other  hand,  dealing  with  the  fracture  properties,  e.g., 
crack  growth.  The  "response"  properties  are  inputs  primarily 
for  the  stress  analysis,  and  the  "fracture"  properties  are  inputs 
primarily  for  the  determination  of  failure  criteria  and  failure 
analysis . 

Response  properties,  such  as  the  creep  compliance,  thermal 
coefficient  of  linear  expansion,  and  moisture  coefficient  of 
absorption  (and  desorption),  among  others,  are  measured  over  a 
wide  temperature  range,  regardless  of  what  the  end  use  environ¬ 
mental  temperature  limits  may  be.  This  is  due  to  the  general  use 
of  time- temperature  equivalence  (superposition)  principles,  which 
are  commonly  employed  in  viscoelastic  stress  analysis.  This  prin¬ 
ciple  has  been  poorly  understood  in  the  past  by  those  who  have 
tended  to  specify  the  determination  of  the  properties  only  at  the 
expected  environmental  temperatures ,  without  taking  into  account 
the  time  dependence  of  adhesive  properties. 

After  cyclic  loading  of  the  environmentally  conditioned 
(temperature  and  humidity)  bonded  joints  in  environments  repre¬ 
sentative  of  an  aircraft  mission,  the  "fracture"  or  "failure" 
properties  of  the  adhesive  will  control  the  residual  strength 
capabilities  of  the  structure.  Typical  "fracture"  properties 
of  the  adhesive  (joint)  include  the  stress  intensity  factor,  K, 
the  energy  release  rate,  G,  and  the  crack  growth  rate  with  cyclic 
frequency,  viz.,  These  are  discussed  elsewhere. 
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Thus,  the  physical  and  mechanical  behaviors  considered  in¬ 
clude  constitutive  relations  under  monotonic  and  cyclic  loading 
conditions,  dilatation  during  cure,  cooling  and  moisture  infusion, 
aging,  mechanisms  of  damage  accumulation,  fracture  toughness  and 
ultimate  strength  spectra,  among  others. 


3.2  Response  Property  Measurements 

One  of  the  basic  prerequisites  of  the  stress  analysis  and 
for  understanding  of  bonded  joints  is  the  development  of  an  accur¬ 
ate  analytical  representation  of  the  stress/ strain  (constitutive) 
relation  for  the  adhesive  interlayer  over  the  range  of  loads/en¬ 
vironments  expected  during  service.  We  have  taken  the  view  that 
the  physical  and  mechanical  properties  of  the  adhesive  interlayer 
will  be  the  same  in  neat  form  or  when  sandwiched  between  metal 
adherends . 

In  this  study,  we  consider  the  adhesive  layer  to  be  homogen¬ 
eous  and  isotropic;  and  with  mechanical  response  to  be  definable 
by  the  tensile  creep  compliance,  D(t) ,  and  Poisson's  ratio,  v  (t)  . 
These  are  the  constitutive  relations  of  the  material  (Ref .  16) , 
and  may  be  time,  temperature,  and  moisture  dependent  in  general. 


Other  material  properties  that  influence  the  determination 
of  the  stress-strain  state  of  the  adhesive  include  moisture  ab¬ 
sorption  (expansion)  and  moisture  desorption  (contraction)  char¬ 
acteristics;  thermal  expansion  coefficient,  aT,  glass  transition 
temperature,  Tg,  among  others,  and  these  have  been  measured  for 
FM-73M.  (Ref.  17). 

The  adhesive  material  of  interest  is  commercially  available 
FM-73M,  a  250°F-cure  adhesive  available  as  a  tape  or  film  con¬ 
taining  a  matte  DacronPv  carrier.  Moreover  FM-73M  is  a  rubber- 

"k 

Given  the  same  state  of  cure,  etc.,  it  is  recognized 
that  a  number  of  reports  draw  conclusions  to  the  con¬ 
trary.  Some  of  these  investigations  may  have  encoun¬ 
tered  the  plasticizing  effect  of  retained  solvents  en¬ 
trapped  in  sandwich  specimens,  as  we  did.  In  some  other 
investigations,  the  conclusion  that  the  mechanical  re¬ 
sponse  of  the  adhesive  interlayer  in  neat  form  differs 
from  response  in  joints  was  based  on  the  erroneous  as¬ 
sumption  that  the  joint  shear  stress  was  uniform.  That 
assumption  is  no  longer  necessary. 
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modified  epoxy  and  the  material  is,  strictly  speaking,  not  homo¬ 
geneous  nor  isotropic.  However,  because  the  matte  carrier  is  a 
random  matte,  we  assume  that  specimens  laminated  from  these  films 
are  sufficiently  isotropic  so  that  characterization  techniques 
developed  for  isotropic  solids  are  sufficiently  accurate.  Re¬ 
sults  on  time-dependence  (or  independence)  are  not  violated  by 
this  assumption. 

A  more  important  consideration  in  the  materials  properties 
will  be  an  assessment  regarding  the  linear  or  non-linear  visco¬ 
elasticity  representation  of  the  adhesive  interlayer.  In  the 
first  approximation,  the  linear  viscoelastic  representation  will 
be  used,  as  this  situation  is  decidedly  simpler  to  handle  analy¬ 
tically  . 

Some  response  properties  have  also  been  measured  in  the 
other  aforementioned  USAF  programs,  by  the  Firestone  Laboratories 
at  California  Institute  of  Technology  (Ref.  31),  and  by  Althof 
et  al.  (Ref.  8  ),  among  others.  These  were  also  available  to 
this  proposed  program  as  input  data  to  the  stress  analysis. 

The  entire  procedure  for  adhesively  bonded  joint  design  anal¬ 
ysis  may  be  extended  for  purposes  of  service  life  prediction  if  a 
valid  means  is  made  available  for  accelerating  the  deterioration 
of  the  adhesive  system.  Since  the  adhesive  is  the  most  signifi¬ 
cant  age-sensitive  component  in  the  bonded  structure  and  since 
catastrophic  failures  occur  due  to  cracks  or  debonds,  it  is  par¬ 
ticularly  appropriate  that  accelerated  aging  techniques  be  estab¬ 
lished  for  each  specific  formulation.  Valid  relationships  be¬ 
tween  results  of  accelerated  aging  tests  and  results  from  actual 
long-term  tests  will  be  developed  in  another  AFML/MBC-sponsored 
program  to  be  initiated  in  late  1980. 


3.2.1  Static  Tensile  Tests 

In  order  to  establish  the  maximum  load  carrying  capacity  of 
the  creep  compliance  specimens,  constant  strain  rate  tensile 
tests  were  conducted  over  a  broad  temperature  range.  The 
tests  were  conducted  at  a  strain  rate  of  5  x  10-4  1/sec  on  an 
Instron  machine  with  a  Missimer  environmental  chamber. 

Two  duplicates  were  tested  for  each  condition  with  FM-73M 
wet  and  dry  adhesives.  Grip  failures  were  not  a  problem  with  the 
tough  adhesives  as  reflected  in  the  small  scatter  in  the  duplicate 
specimens . 
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The  data  obtained  from  the  tensile  tests  are  shown  in  Fig¬ 
ure  5.  FM-73M  was  very  strong  at  low  temperatures  and  its 
strength  decreased  monotonically  with  increasing  temperature. 

For  low  and  ambient  temperatures,  the  strength  of  the  wet  FM-73M 
was  slightly  lower  than  that  of  dry  FM-73M,  but  at  140°F  (60°C) 
the  strength  of  the  wet  adhesive  started  falling  off  more  rapidly. 

Stress-strain  histories  for  dry  and  wet  FM-73M  adhesive 
coupons  at  room  temperature  are  shown  in  Figure  6 . 


3.2.2  Moisture  Expansion 

When  an  adhesive  material  absorbs  moisture  a  volumetric  ex¬ 
pansion  takes  place  and  when  it  loses  moisture  a  shrinkage  occurs. 
These  dimensional  changes  can  be  of  the  order  of  a  percent  when 
going  from  the  dry  to  the  moisture  saturated  condition.  Such 
dimensional  changes  can  be  xa  very  important  influence  on  the 
stress  state  in  the  adhesive  layer  of  a  bonded  joint. 

In  order  to  characterize  the  moisture  expansion  character¬ 
istics  of  FM-73M,  small  coupons  (1.0"  x  0.3"  x  0.035")  were  cut 
from  laminated  adhesive  sheets.  Two  coupons  of  each  adhesive 
were  exposed  to  140°F  water  immersion,  140°F  1007.  RH  and  140°F 
dry  air.  The  coupons  were  periodically  weighed  and  measured 
in  micrometer  jigs.  It  is  recognized  that  the  data  obtained 
represent  the  expansion  induced  by  moisture  gradients  and  that 
the  true  moisture  expansion  can  only  be  determined  from  specimens 
under  equilibrium  conditions.  However,  it  was  felt  that  this 
error  would  be  small  with  the  thin  coupons. 

The  moisture  expansion  data  for  FM-73M  are  presented  in 
Figure  7 . 

The  coupons  exposed  to  the  dry  atmosphere  lost  appreciable 
moisture  from  the  as -cured  state.  The  FM-73M  lost  0.67.  by 
weight . 

The  adhesive  gained  weight  faster  when  immersed  in  H2O  than 
in  the  1007.  RH  atmosphere.  The  two  moist  environments  also  re¬ 
sulted  in  different  saturation  values.  The  1007.  RH  conditioned 
FM-73M  saturated  at  2.17.  after  500  hours  and  the  water  immersion 
coupons  saturated  at  3.07.  after  1000  hours.  Both  conditions  re¬ 
sulted  in  the  same  moisture  expansion  rate  of  0.22"/"gm/gm. 
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Because  the  weight  gain  after  1000  hours  was  small,  all 
mechanical  test  specimens  were  exposed  to  1000  hours  in  1007o  RH 
at  140°F.  This  yields  nearly  saturated  specimens  with  consis¬ 
tent  moisture  contents . 


3.2.3  "Anomalous"  Moisture  Uptake  in  FM-73M 

We  refer  to  moisture  uptake  as  being  anomalous  when  it 
deviates  from  Fickian  diffusion  (Ref.  18)  .  We  associate  such 
an  anomaly  primarily  with  the  effect  of  water  on  the  free  volume. 
Actually,  two  effects  are  likely  to  be  present:  one  arises 
through  the  dilatational  stresses  associated  with  the  advance  of 
the  moisture  front;  the  other  is  associated  with  the  decrease  of 
molecule- to-molecule  interaction  due  to  water  infusion.  One  must 
bear  in  mind  that  volume  increase,  per  se,  is  a  time-dependent 
process  which  may  be  sped  up  or  retarded  depending  on  the  mois¬ 
ture  content.  Thus  it  becomes  possible  that  water  infusion  de¬ 
creases  the  glass  transition  temperature,  Tg,  to  the  point  where 
the  molecular  structure  can  be  more  readily  dilated  as  a  result 
of  the  water-polymer  interaction.  This  would  register  on  a  trace 
of  weight  gain  vs.  time  as  an  increase  in  the  water  absorption 
rate.  If  one  performs  such  experiments  at  different  temperatures, 
exceeding  temperatures  beyond  Tg  should  accelerate  this  process 
significantly . 

We  believe  that  these  phenomena  are  reflected  in  the  case  of 
our  experimental  data  on  moisture  uptake  at  various  temperatures 
by  FM-73M,  as  shown  in  Figure  8. 

Approximately  10°C  below  the  Tg  of  FM- 73M, (viz . ,  60°C)  dif¬ 
fusion  appears  to  be  Fickean.  We  conclude  that  a  moisture  uptake 
of  1.5%  is  not  sufficient  to  suppress  the  Tg  down  to  50°C .  How¬ 
ever,  as  moisture  uptake  is  facilitated  by  a  thermally  dilated 
structure  at  60  to  70°C,  a  significantly  higher  moisture  absorp¬ 
tion  suppresses  the  Tg  sufficiently  low  to  allow  more  rapid  vol¬ 
ume  dilatations.  The  combined  effect  of  moisture-  and  tempera¬ 
ture-induced  dilatation  produces  the  more  rapid  volume  growth 
rate  with  the  shorter  hold  times  in  the  range  of  2-4%  water  con¬ 
tent,  possibly  being  associated  with  the  process  to  plasticize 
the  material  down  to  the  new  Tg. 


3.2.4  Thermomechanical  Tests 

Tests  to  determine  thermal  expansion  coefficient,  ap>,  and 
glass  transition  temperature,  Tg,  were  conducted-,  on  wet  and  dry 
FM-73M  adhesives.  This  work  was  done  in  a  Perkin-Elmer  TMA 
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Figure  8  Anomalous  Moisture  Absorption  in  FM-73M 


apparatus  (Fig.  A2)  .  The  dimensions  of  the  adhesive  samples  were 
0.5"  x  0.25"  x  0.035".  They  were  loaded  and  measured  as  upright 
columns.  The  measurement  device  consisted  of  a  flat  quartz  probe 
connacted  to  an  LVDT.  The  probe  was  balanced  and  loaded  to  10 
gm.  This  load  corresponds  to  a  compressive  stress  of  3  psi.  The 
temperature  was  scanned  over  a  preset  range  of  20°C  per  minute. 
This  high  scan  rate  was  used  to  keep  moisture  losses  to  a  minimum. 

The  data  obtained  in  this  test  was  plotted  as  strain  versus 
temperature.  The  local  slope  of  the  curve  gives  the  thermal  ex¬ 
pansion  coefficient  as  a  function  of  temperature.  The  local 
thermal  expansion  coefficient  can  also  be  plotted  to  observe 
transition  temperatures.  This  latter  plot  can  then  be  statis¬ 
tically  analyzed  for  the  second  order  glass  transition  tempera¬ 
ture,  T2,  or  the  expansion  curve  can  be  observed  directly  for 
the  compressive  strain  caused  by  a  rapid  change  in  compliance  as 
this  transition  is  crossed.  However,  this  dynamic  transition  is 
affected  by  load,  temperature,  scan  rate,  and  creep  compliance 
behavior.  While  the  second  order  transition  is  closely  related 
to  Tg  ,  the  dynamic  transition,  TD,  is  related  to  a  heat  distor¬ 
tion  temperature. 

The  expansion- temperature  plot  and  the  expansion  coefficient- 
temperature  plot  for  wet  FM-73M  are  shown  in  Figures  9  and  10 
respectively.  Figure  9  reveals  a  dynamic  transition  at  220  F, 
while  a  correlation  analysis  of  the  expansion  coefficient  data  in 
Figure  io  gives  T2  at  150°F.  The  expansion  coefficient- tempera¬ 
ture  plot  for  wet  FM-73M  is  shown  in  Figure  10.  The  dynamic 
transition  has  been  lowered  to  195°F.  The  second  order  glass 
transition  temperature,  T2,  has  been  lowered  to  120  F. 


3.2.5  Creep  Compliance  Measurements 

A  dead-weight- loading  creep  frame  was  used  for  specific  use 
in  the  creep  compliance  measurements  of  the  variously-conditioned 
neat  adhesive  specimens.  The  apparatus,  shown  in  Figure  A3,  has 
an  LVDT  elongation  measurement  system  and  loads  can  be  applied 
from  either  top  or  bottom  of  the  frame . 

The  creep  compliance  measurements  at  a  constant  stress  of 
2000  psi  have  been  obtained  for  FM-73M  in  the  dry  and  moisture- 
saturated  conditions.  The  creep  data  for  FM-73M  was  taken  from 
-54°C  to  +60°C.  The  purpose  of  this  data  is  to  construct  creep 
compliance  master  curves  from  which  the  viscoelastic  response  of 
the  materials  to  other  load  histories  can  be  calculated.  Speci¬ 
fically,  the  creep  compliance  master  curves  can  be  used  to  predict 
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relaxation  and  dynamic  behavior  of  the  adhesive  specimens  and 
eventually  the  same  behavior  for  the  bonded  joint  specimens. 

The  series  of  creep  curves  for  master  curve  development  on 
dry  and  wet  FM-73M  are  presented  in  Figures  11  and  12.  Each 
series  of  measurements  covers  a  temperature  range  from  -54°C 
through  the  glass  transition  temperature  of  the  material.  The 
creep  data  on  dry  FM-73M  indicate  a  radical  change  in  creep  be¬ 
havior  between  60  and  72°C  (140  and  162°F) .  This  is  consistent 
with  the  placement  of  a  second  order  glass  transition  tempera¬ 
ture  at  65°C  (150°F)  from  the  TMA  tests.  The  creep  data  on  wet 
FM-73M,  presented  in  Figure  13,  indicate  the  presence  of  T2 
between  43  and  57°C.  This  range  is  consistent  with  the  value 
of  Tg  obtained  from  TMA  testing  at  49°C. 

The  crqep  curves  at  various  temperatures  were  shifted  in 
compliance  and  time  to  form  a  creep  compliance  master  curve. 
First,  the  curves  were  shifted  along  the  ordinate  (creep  com¬ 
pliance)  to  reduce  the  initial  compliance  to  the  value  at  0°C . 
This  operation  removes  the  temperature  dependence  of  the  elas¬ 
tic  contribution.  After  the  vertical  shift,  the  curves  were 
shifted  along  the  time  axis  until  they  matched  in  slope  and 
height  over  the  largest  part  of  their  length.  The  resulting  mas¬ 
ter  creep  compliance  is  shown  in  Figure  13. 


3,2.6  Poisson's  Ratio  Measurements 

If  any  two  of  seven  characteristic  functions  describing  the 
mechanical  properties  of  (isotropic)  adhesive  materials  are  known 
from  experiment,  the  others  can  be  determined  analytically  (Ref. 

16  ).  In  the  current  program  the  two  characteristic  functions 
measured  are  D(t)  and  v(t).  Thus  it  is  important  to  establish 
the  time  dependence,  if  any,  of  v(t)  for  the  adhesive  material 
of  interest,  viz.,  FM-73M,  for  various  environmental  conditions, 
including  temperature,  and  moisture  content,  among  others. 

Combining  some  of  the  good  ideas  of  Heflinger  et  al.  (Ref. 

19  )  and  those  of  Jones  (Refs.  20,  21),  with  additional  inno¬ 

vative  modifications,  including  the  use  of  retro-reflective 
paint  (Ref.  22),  a  laser/optical  technique  has  been  developed  in 
this  program  (Ref.  23)  to  measure  v  of  compliant  materials. 

The  laser/optical  configuration  optimized  for  compliant 
materials  is  shown  schematically  in  Figure  A4  .  L  is  a  low  power 
laser,  a  15  mw  HeNe  laser,  BEC  is  a  beam  expander  collimator, 

BSC  is  a  50/50  beam  splitting  cube,  M  is  a  plane  front  surface 
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Figure  12  Tensile  Creep  Compliance  for  Wet  FM-73M  at  Various  Temperature 


mirror,  F  is  a  filter  and  H  is  the  holographic  recording  plane. 
The  retro-reflective  painted  adhesive  strip  specimen,  of  dimen¬ 
sions  3  1/8"  x  3/4"  x  1/16",  is  loaded  in  a  modified  fourpoint 
bending  configuration  (Fig.  A5). 

The  technique  consists  of  interferometrically  observing  the 
deformation  of  the  central  region  of  the  specimen  between  two 
loads,  L  and  L  +  AL,  where  AL  ^  L.  When  the  deformation 
produced  by  four-point  bending  is  interferometrically  observed 
under  these  conditions,  the  fringes  represent  contours  of  con¬ 
stant  out-of-plane  displacement  (Ref.  24  and  25  ).  The  strip 
deforms  into  a  state  of  anticlastic  (saddle-shape)  curvature 
and  the  fringes  produced  are  two  conjugate  sets  of  hyperbolas 
with  the  Poisson's  ratio,  v  ,  of  the  material  related  to  the 
smaller  asympotic  angle,  a  ,  between  the  hyperbolas  by  the  equa¬ 
tion. 

V  =  tan^  %  a 

Within  experimental  error  of  measuring  the  angle  a  (about 
2%) ,  the  respective  v  values  determined  for  the  dry  adhesive 
assumes  a  constant  value  over  a  period  of  29  days.  This  is  true 
whether  the  differential  load  AL  is  applied  externally  to  the 
specimen,  or  whether  the  natural  creep  in  the  material  is  allowed 
to  provide  the  differential  motion  in  the  specimen  between  the 
double  exposures. 

The  Poisson  ratio  values  obtained  at  room  temperature  for 
approximately  1  mm  thick  strips  of  aluminum  and  FM-73M  dry  are 
0.333  and  0.320,  respectively.  (Figure  A6 ) . 

Figure  14  summarizes  the  measured  time  dependence  of  the 
uniaxial  tensile  creep  compliance  and  Poisson  ratio  functions 
for  dry  FM-73M  at  room  temperature. 

Reference  26,  a  published  paper  in  the  Journal  of  Adhesion, 
describes  in  detail  the  experimental  procedure  for  measuring 
v  (t)  of  FM-73M. 


3.2.7  Material  Characterization  of  FM-^00 

In  the  early  stages  of  the  Fatigue  Behavior  program,  viz., 
during  the  first  year  thereof,  a  second  adhesive  system,  a  350°F- 
cure  commercial  tape,  FM-400,  was  selected  for  parallel  studies 
with  the  250°F-cure  FM-73M  system.  In  fact,  the  same  complement 
of  neat  coupons  and  bonded  joints  were  fabricated  with  FM-400  as 
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with  FM-73M  and  most  of  the  material  characterization  (and  some 
model  joint  testing)  were  conducted.  Figures  A7  through  A13  of 
the  Appendix  summarize  the  material  characterization  of  FM-400 . 

In  these  tests,  an  upper  temperature  limit  of  310°F  was  used  for 
FM-400,  instead  of  +140°F  as  for  FM-73M).  These  tests,  especially 
those  under  hot,  wet  conditions,  revealed  that  the  FM-400  adhe¬ 
sive  system  was  especially  sensitive  to  water.  Moisture  plasti¬ 
cizes  FM-400  (lowers  the  Tg  ~  80°F)  degrading  the  neat  strength 
(~ 647o)  at  room  temperature,  with  a  corresponding  large  strength 
reduction  of  the  bonded  joints.  Because  of  the  poor  hot-wet 
characteristics  of  this  350°F-cure  adhesive  system  (see,  for  ex¬ 
ample  Figures  A7  and  All) ,  it  was  decided  to  abort  further  tests 
with  FM-400  in  this  program  as  a  suitable  350°F-cure  adhesive 
system  for  high  performance  military  aircraft. 

Accordingly,  some  additional  material  characterization  was 
conducted  on  four  other  representative  commercially-available 
350°F-cure  adhesive  systems  in  the  quest  for  a  possible  replace¬ 
ment  for  FM-400 . 


3.3  Material  Characterization  of  Other 
350°F-Cure  Adhesives 

A  series  of  screening  tests  were  developed  to  assist  in  the 
selection  of  a  350°F-cure  adhesive  material  for  use  in  place  of 
FM-400.  The  tapes  considered  were  AF-147,  PL-729-3,  N-329-7,  and 
Rb-398,  as  commercially  available  representative,  state  of  the 
art  350°F-cure  adhesive  systems.  The  "screening"  tests  on  the 
wet  and  dry  materials  consisted  of: 

1.  Change  in  volume  and  weight  gain  during  moisture  uptake. 

2.  "Cyclic"  Tg  measurements  using  TMA  techniques  between 
-80°F  and  +350°F. 

3.  Tensile  creep  compliance  measurements  at  40°C,  70°C, 
and  121°C . 

4.  Smith  plots  (  o-f  vs.  «  f)  at  different  strain  rates  for 
three  temperatures  (RT,  160°F  and  200°F  (wet/300°F  (dry)). 

5.  Examination  of  the  deformed  materials  and  fracture  sur¬ 
faces  by  optical  microscopy  and/or  SEM  techniques. 

The  results  of  these  tests  are  sirmarized  belcw: 
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3,3.1  Moisture  Uptake  Effects 

Moisture  uptake  characteristics  were  measured  on  small 
coupons  (1.0"  x  0.5"  x  0.045")  cut  from  4-ply  laminated  sheets 
of  the  four  candidate  350°F-cure  adhesives.  Three  coupons  of 
each  adhesive  were  exposed  to  150°F  water  immersion,  140°F  100% 
(condensing)  relative  humidity,  and  140°F  dry  air.  The  coupons 
were  periodically  weighed  and  length  and  width  measurements 
made  in  micrometer  jigs.  The  results  are  shown  plotted  (by 
computer)  in  Figures  15  and  A14  through  A18,  respectively.  From 
these  data  are  plotted  the  %  weight  gain  (Figure  16)  and  equili¬ 
brium  expansion  in  water  (Figure  17)  for  the  four  candidate  350°F- 
cure  adhesives,  FM-400  and  F11-73M. 

From  these  data  it  is  observed  that: 

’  No  specific  evaluation  of  diffusion  data  was  made.  All 
specimens  were  0.045"  thick  and  attained  apparent  satura¬ 
tion  after  approximately  25  days . 

•  Moisture  uptake  was  4%  for  all  350°F-cure  (Figure  16  ) 
as  compared  to  2.2%  for  FM-73M. 

•  For  a  stress  analysis  and  failure  analysis  viewpoint, 

it  is  more  important  to  consider  dimensional  rather  than 
weight  changes.  In  this  regard,  significant  differences 
appear  as  illustrated  in  Figure  17. 


3.3.2  "Cyclic"  Tg  Measurements 

Dry  specimens  of  the  four  adhesive  systems  were  run  on  the 
Perkin-Llmer  TMS-1  Thermomechanical  Analyzer  (TMA) (Figure  A2) 
to  determine  thermal  expansion  coefficient,  aT,  and  glass  tran¬ 
sition  temperature,  Tg. 

Determinations  were  made  from  -80°F  to  350°F  at  a  scan  rate 
of  10°C/minute.  Several  temperature  cycles  were  applied  to  each 
specimen  to  observe  hysteresis.  A  probe  loading  of  10  grams  was 
used  on  a  specimen  0.5"  x  0.25"  x  .045"  in  the  long  axis. 

Data  obtained  are  presented  in  Figures  A19  through  A24  for 
three  of  the  adhesives  as  AL/L  vs.  temperature  and  «  vs  .  temperature. 
Data  on  the  fourth  adhesive  PL-729- 3  are  presented  herein  in 
Figures  1G  and  19,  respectively. 
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The  hysteresis  in  the  initial  loops  are  attributed  to 
"shakedown"  or  physical  aging  effects  as  discussed  in  Section 
5.4.2. 

3.3.3  Tensile  Creep  Compliance  Measurements 

The  experimental  apparatus  shown  in  Figure  A25  was  used  to 
measure  the  creep  compliance  of  the  350°F-cure  neat  adhesive 
wet  and  dry  specimens  at  various  temperatures.  This  creep 
apparatus  is  a  modified  version  of  that  used  earlier  in  meas¬ 
uring  the  creep  compliance  of  FM-73M  (and  FM-400) .  A  Hewlett- 
Packard  DC  input,  output  displacement  transducer  Mod.  #7DCDT- 
500  with  a  linear  range  of  0.50  inches  was  used  to  measure  the 
rate  of  elongation  of  the  specimen.  The  transducer  is  cali¬ 
brated  by  depressing  the  rod  a  known  displacement,  e.g.,  with 
calipers,  and  adjusting  the  output  voltage  with  a  voltage  poten¬ 
tiometer  as  registered  by  a  convenient  displacement  on  the  strip 
chart.  A  neat  adhesive  specimen  is  then  clamped  in  the  extenso- 
meter  and  heated  to  the  desired  temperature. 

The  cross  sectional  area  of  each  neat  adhesive  specimen  is 
measured  in  order  to  precisely  determine  the  weight  needed  to 
acheive  a  stress  of  2000  psi.  After  the  weight  is  attached  to 
the  specimen,  the  strip  chart  records  the  calibrated  displace¬ 
ment  as  a  function  of  time  and  the  creep  compliance  is  then 
calculated  for  the  particular  adhesive  at  the  desired  tempera¬ 
ture  . 


The  wet  tensile  coupons  were  encased  in  a  glass  chamber 
filled  with  moist  gauze  (Figure  A25)  which  was  kept  wet  at  all 
times  to  ensure  that  the  wet  specimens  did  not  lose  moisture  during 
the  course  of  creep  measurement  especially  at  high  temperatures. 

Figures  A26  through  A31  of  the  Appendix  show  plots  of  the 
creep  compliance  data  obtained  for  the  dry  and  wet  candidate  four 
350  F-cure  adhesive  systems.  For  comparison,  Figures  A32  and  A33 
show  the  corresponding  results  obtained  for  FM-400  earlier  in 
this  program.  (Ref.  17). 

Figures  20,  A34,  A35  and  A36  show  creeg  compliance  master 
curves  of  the  original  data  reduced  to  104°F.  These  are  then 
presented  as  two  sets  of  smooth  curves,  Figure  21  and  22  ,  one 
for  dry  and  one  for  wet,  for  intercomparison  of  the  four  candidate 
350°F-cure  adhesive  systems,  and  FM-400. 
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The  dry  materials  tested  represent  a  range  of  compliance 
magnitudes  (and  modulus)  of  a  factor  of  ten  as  shown  in  Figure 
2  1  .  With  the  exception  of  FM-400  dry,  the  materials  have 
comparable  log-log  slopes  in  the  temperature-reduced  time  range 
tested.  It  is  of  interest  to  note  that  the  low  compliance  mater¬ 
ials,  N329-7  and  Rb-398,  appear  on  the  Smith  plots  (see  Section 
3. 3  A)  with  relatively  low  elongation,  while  the  more  compliant 
materials,  PL- 729- 3  and  AF-147,  seem  to  exhibit  some  measure  of 
ductile-like  behavior  leading  to  a  tougher  failure  characteris¬ 
tic.  In  addition,  it  may  be  tentatively  deduced  that  from  this 
observation  the  less  compliant  materials  might  also  achieve  high 
elongations  provided  they  are  tested  under  higher  temperatures 
and/or  for  longer  periods  of  time. 

Moisture  introduction  increases  the  compliance  by  virtue  of 
accelerating  the  time  scale  as  shown  in  Figure  22.  Some  materials 
distinguish  themselves  by  a  particulary  strong  acceleration,  e.g., 
RB-398  (Fig.  22  ) .  It  is  expected  that  the  failure  process  is 
accelerated  in  a  similar  fashion.  In  fact,  in  FM-AOO ,  the  failure 
process  is  accelerated  so  much  that  the  creep  test  terminated  un¬ 
expectedly  by  fracture  as  shown  in  Figure  22  .  (See  also  Figure 
A32)  . 


3. 3. A  Smith  Plot  Measurements 

The  stress-at  failure  and  strain-at-f ailure  data  points  de¬ 
termined  from  constant  strain  rate  testing  (using  the  area  correc¬ 
ted  stress  at  failure)  plotted  after  the  manner  suggested  by 
Smith  (Ref.  27)  constitute  the  so-called  Smith  plots.  These 
graphs  are  especially  useful  for  organizing  and  conveying  the 
range  of  stresses  and  strains  at  failure.  Failure  data  taken 
at  high  strain  rates  and  low  temperatures  appear  in  the  upper 
left-hand  region  of  the  graphs.  Data  from  low  strain  rates  and 
high  temperatures  appear  at  the  lower  right . 

Neat  tensile  coupons  of  AF  1A7,  PL-729-3,  RB  398  and  N-329-7 
were  tested  in  both  the  as-cured  and  moisture-conditioned  condi¬ 
tions.  The  as-cured  specimens  were  tested  at  -65  F,  R  T  ,  160  F, 
200°F,  and  300  F.  A  minimum  of  three  specimens  were  tested  at 
each  test  temperature.  The  moisture  conditioned  specimens  were 
tested  at  the  same  temperature  as  the  dry  specimens  except  the 
300  F  test  point  was  deleted  because  of  experimental  difficulties 
therewith . 
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The  configuration  of  the  tensile  coupons  is  described  in 
Section  II.  Testing  was  conducted  in  the  table  model  Instron 
test  machine  shown  in  Figure  23.  A  cross  head  movement  of 
0.02  inches  per  minute  was  used.  With  the  3.0  inch  gage  length 
of  the  specimen,  this  gave  a  strain  rate  of  .0067  inches/inch/ 
minute.  The  as-cured  specimens  were  tested  without  an  environ¬ 
mental  chamber.  The  moisture-conditioned  specimens  tested  at 
room  temperature  and  above  were  tested  using  the  humidity  en¬ 
closure  shown  in  Figure  A25 .  This  chamber  consists  of  a  glass 
outer  shell  with  a  hole  at  the  center  of  its  span  for  insertion 
of  a  temperature  monitoring  thermocouple.  Inside  the  tube,  a 
wire  coil  was  wrapped  first  with  absorbent  paper  and  then  with 
cheesecloth.  The  ends  were  sealed  with  soft  rubber  glued  in 
place  with  Eastman  910  adhesive.  A  small  slit  was  cut  in  each 
end  so  that  the  specimen  could  be  placed  in  the  chamber.  Prior 
to  test,  distilled  water  was  squirted  into  the  chamber  with  a 
syringe  to  saturate  the  paper  and  cheesecloth.  After  test,  the 
chamber  would  visually  be  vexamined  to  make  sure  that  the  paper 
and  cloth  were  still  wet. 

The  measured  data  obtained  are  presented  in  Figures  A37 
through  A40  of  the  Appendix. 

For  ease  of  intercomparison,  reduced  curves  of  each  of  the 
four  adhesive  systems  is  replotted  as  shown  in  Figure  24 .  Each 
reduced  curve  encompasses  (  o-fvs  *f)  data  points  for  all  environ¬ 
mental  testing  conditions  and  represents  an  "average"  behavior 
of  that  adhesive  system.  Thus,  the  region  between  the  reduced 
curve  and  the  origin  <rf=  0  and  ff=  0,  for  each  material  represents 
the  failure  free  region.  Keeping  in  mind  that  this  is  derived 
from  limited  test  conditions,  e.g.,  one  strain  rate,  nevertheless, 
the  characteristics  desirable  for  such  a  representation  can  be 
stated.  Note  that  a  reduced  curve  is  roughly  made  up  of  a  ver¬ 
tical  and  horizontal  boundary  representing  a  strain  and  a  stress 
limit,  respectively.  From  a  design  point  of  view,  it  is  desir¬ 
able  to  have  both  limits  as  far  removed  from  the  origin  as  possible. 
Furthermore,  since  adhesive  bonds  are  not  likely  to  be  used  for 
extensive  periods  of  time  under  extreme  conditions  of  either  stress 
or  strain,  it  is  more  desirable  to  ha^e  the  boundary  removed  as 
far  as  possible  from  the  origin.  Therefore,  with  these  two  cri¬ 
teria  in  mind,  it  would  not  seem  difficult  to  establish  acceptance 
criteria  for  certain  bonding  applications  of  the  four  adhesive 
systems . 

While  it  should  be  remembered  that  these  data  result  from 
somewhat  preliminary  screening  tests,  they  give  some  indication  of 
material  toughness:  the  larger  the  failure  strain  at  a  given  failure 
stress  value,  the  larger  is  the  energy  expenditure  to  adhesive 
fracture . 
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iqurp  23  Exppnmpntal  Set  Up  for  Fracturp  Energy  &  Smith  Pint  Measurements 


3.4  Fracture  Properties 


Failure  of  a  bonded  joint  occurs  due  to  cracking  at  the 
adhesive/ adherend  interface  or  within  the  adhesive  itself  as 
will  be  discussed  later.  There  are  some  inherent  qualities  of 
any  material  which  determine  how  fast  a  crack  grows  for  a 
given  geometry,  load,  and  environment.  These  qualities  will 
be  referred  to  as  the  material's  fracture  properties.  One 
property  is  the  ability  to  resist  final,  catastrophic  failure. 

It  will  be  referred  to  as  the  fracture  toughness.  Another 
property,  termed  here  the  crack  growth  rate,  is  the  incre¬ 

ment  of  crack  growth  occurring  for  a  single  cycle  of  fatigue 
loading.  As  stated,  this  is  not  solely  a  property  of  the  mater¬ 
ial  but  also  of  the  associated  loading  and  geometry,  including 
crack  length.  For  purposes  of  discussion  it  will  be  assumed 
that  the  curve  relating  crack  growth  per  cycle,  to  the 

applied  stress  intensity  factor  range,  \K,  is  a  good  measure 
of  this  property. 

Fatigue  crack  growth  occurring  within  the  adhesive  layer 
is  probably  controlled  by  the  fracture  properties  found  for  the 
neat  adhesive.  Factors  such  as  temperature  or  moisture  content, 
which  affect  the  mechanical  response  properties  of  the  neat  ad¬ 
hesive,  probably  affect  the  fracture  properties  as  well.  It  is 
now  well  known  that  the  mechanical  response  of  FW-73M  adhesive 
is  time  dependent.  It  is  not  surprising,  then,  that  the  apparent 
crack  growth  rate  should  possibly  depend  on  the  frequency  of  load 
ing.  Also,  the  fracture  toughness  can  be  expected  to  depend  on 
strain  rate. 

In  a  bonded  joint  there  must  be  an  adhesive/adherend  inter¬ 
face.  Fatigue  crack  growth  occurring  along  the  interface  surely 
depends  on  the  adherend  and  surface  preparations  as  well  as  on 
the  properties  of  the  adhesive  itself.  Thus,  "interface  proper¬ 
ties"  may  be  thought  of  as  existing  similar  to  the  material  prop¬ 
erties  of  a  single  medium.  All  of  the  discussion  above  for  mater 
ial  properties  may  apply  to  interface  properties  as  well  and 
variations  in  interface  fracture  properties  may  be  important. 


3.4.1  Specimen  Design  and  Precracking 

Center-notched  tensile  coupons  of  4-ply  FM-73M  with  integral 
ly  bonded  Al  end  takes  desribed  in  Section  H  and  shown  in  Figure 
were  used  for  the  fracture  energy  measurements. 
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The  specimens  for  the  crack  growth  measurements  were  pre¬ 
cracked  to  a  2a  value  of  0.30  inches.  From  a  starting  chevron 
notch  length  of  0.20  inches,  the  crack  was  grown  at  three  suc¬ 
cessively  lower  load  levels,  with  the  last  0.05  inch  growth  in¬ 
crement  being  made  at  the  lowest  load  level.  The  first  load  was 
175  pounds,  the  second  was  140  pounds,  and  the  third  was  112 
pounds.  The  last  load  level  produced  crack  growth  rates  of  be¬ 
tween  0.2  and  0.4  g  inches  per  cycle. 

Specimens  for  the  stress  intensity  measurements  were  pre¬ 
cracked  to  a  2a  value  of  0.5  inches  yielding  a  2a/W  ratio  of  0.25. 
The  2a  of  the  chevron  starter  notch  measured  between  0.25  and 
0.30  inches.  The  crack  was  started  and  grown  to  a  2a  value  of 
0.4  inches  using  a  maximum  load  of  150  pounds.  The  next  two  growth 
increments  were  0.05  inches,  with  maximum  cyclic  loads  being  125 
pounds  and  100  pounds.  The  final  0.050  inches  of  crack  growth 
required  sinusoidal  loading  of  between  8,540  and  21,300  total 
number  of  cycles,  N.  This  corresponds  to  a  da/dN  rate  of  between 
1.1  and  3  M inches  per  cycle. 

All  the  precracking  was  done  using  a  sinusoidal  wave  form 
with  a  stress  ratio  of  R  =  0.1  and  a  cyclic  rate  of  7  Hertz.  To 
measure  the  crack  length,  a  mylar  scale  graduated  in  0.010- inch 
increments  was  glued  above  the  crack  path  on  each  specimen.  The 
crack  length  was  then  monitored  with  a  10X  microscope  with  a  ver¬ 
tical  crosshair  reticle.  By  aligning  the  crack  tip  with  the  cross¬ 
hair,  the  crack  length  was  read  using  the  mylar  scale. 


3.4.2  Stress  Intensity  Measurements 

The  stress  intensity  measurements,  including  pre-cracking  on 
the  fracture  energy  specimens,  were  performed  in  the  test  frame 
with  the  temperature  chamber  shown  in  Figure  23. 

Instrumentation  for  the  test  consisted  of  an  X-Y  recorder 
which  plots  the  load  applied  by  the  Instron  test  machine  versus 
the  output  from  an  induction  deflection  measuring  unit  which 
measured  compliance  over  a  two  inch  span.  The  use  of  the  compli¬ 
ance  gage  was  discontinued  in  favor  of  the  Instron  chart  which 
provided  a  load  versus  time  recording.  This  recording  could 
also  be  correlated  with  cross  head  movement.  This  also  allowed 
the  use  of  an  environmental  chamber  which  would  encompass  the 
entire  specimen. 
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Monotonic  load  levels  ranging  from  50  pounds  up  to  rela¬ 
tively  high  values  of  350  pounds  were  used  in  the  energy  release 
rate  measurements.  A  motor  driven  35  mm  camera  with  two  one-inch 
extension  tubes  and  a  105  mm  lens  was  used  to  photograph  the 
crack  during  testing. 

Photographs  were  taken  at  the  rate  of  two  frames  per  second 
for  specimens  tested  using  the  0.5  inches  per  minute  cross  head 
movement  rate.  At  the  slower  cross  head  movements,  pictures  were 
taken  at  selected  intervals  and  the  Instron  chart  was  marked  to 
indicate  where  each  exposure  was  made.  This  made  it  possible  to 
correlate  frame  number  with  load.  Following  development  of  the 
films,  the  crack  length  was  measured  on  each  frame  using  a  lOx 
microscope  and  a  vertical  cross  hair  to  match  the  physical  crack 
tips  with  the  mylar  scale  attached  to  the  specimen.  This  crack 
data  was  then  tabulated  with  corresponding  load  and  time  data 
for  use  in  subsequent  stress  intensity  and  crack  propagation  rate 
calculations.  Figures  A41>  A42  ,  and  A43  of  the  Appendix  show  selec¬ 
ted  frames  from  dry  and  moisture  conditioned  specimens  tested  at 
room  temperature  and  140  F  at  various  strain  rates.  As  shown  in 
the  figures,  the  crack  growth  behavior  was  good  for  all  the  dry 
specimens  and  for  the  moisture  conditioned  specimens  tested  at 
room  temperature.  The  moisture  conditioned  specimens  tested  at 
140  F  show  excessive  plasticity.  No  attempt  was  made  to  correct 
for  the  effect  this  plasticity  had  on  the  width  of  thickness  of 
the  specimens  in  the  crack  path  because  of  experimental  difficul¬ 
ties,  including  specimen  distortion. 

The  equation  used  for  calculating  stress  intensity,  K,  of 
the  center-notched  flaw  is  the  well-known  secant  equation  (Ref. 

41  )  : 

K  =  ~f~  <sec  )%  (2) 

.  .  V 

where  K=  stress  intensity  psi.  in.', 

F=  load  in  pounds 
B=  thickness  (inches) 

2a=  physical  crack  length  (inches) 
w=  specimen  width  (inches) 

Crack  length,  a,  versus  time,  t,  data  were  plotted  for  each 
of  the  environmental  conditions  selected  in  the  test  plan  and 
the  best  smooth  curve  fitted  to  each  data  set.  A  typical  data 
curve  fit  is  shown  in  Figure  25.  The  rest  of  the  data  curve 
fits  are  shown  in  the  Appendix,  Figures  A44  through  A59  .  Tangents 
were  then  constructed  to  these  curve  fits  at  the  experimentally 
determine  crack  lengths  and  the  slopes  calculated  to  yield  the 
corresponding  crack  growth  rate  values,  da/dt. 
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Log-log  plots  of  these  crack  growth  rates,  da/dt,  versus 
the  corresponding  previously  calculated  stress  intensities,  K, 
were  then  plotted  as  shown  in  Figures  26,  27  and  28  for  three 

categories  of  test  conditions,  viz.,  Series  I,  (R=  0.1,  Dry), 
Series  II,  (Ambient,  Wet),  and  Series  III  (140°F,  Dry).  For 
each  of  these  three  series  a  best  fit  log-log  slope  was  con¬ 
structed  as  indicated  by  the  straight  lines  in  Figures  26,  27, 

and  28  respectively .  The  individual  three  slopes  are  practically 
identical  so  that  a  simple  shift  of  Series  I  and  II  data  along 
the  crack  rate  axis  yields  the  line  shifts  shown  in  Figure  2? . 
Thus  it  can  be  concluded  that  the  crack  propagation  rates  under 
monotonically  increasing  stress  intensity  (constant  displacement 
rate)  follow  the  same  log-log  straight  line  behavior  within  a 
factor  of  da/dt  equal  to  +  one  decade. 

3.4.3  Cyclic  Crack  Growth  Rate  Measurements 

The  cyclic  crack  growth  rate  measurements,  da/dN ,  were  con¬ 
ducted  using  a  sinusoidal  wave  form  with  a  stress  ratio,  R,  of 
0.05  at  frequencies  of  10Hz  and  0.1  Hz  for  the  four  different 
environmental  combinations  shown  in  the  experimental  outline  in 
Figure  A60 .  The  initial  frequency  of  10  Hz  was  used  on  all 
specimens  until  a  crack  growth  rate  in  the  range  of  25  I1  inches/ 
cycle  was  achieved.  On  the  moisture  conditioned  specimen  tested 
at  140  F,  no  data  was  obtained  at  0.1  Hz  as  failure  occurred  be¬ 
fore  the  change  over  growth  rate  was  reached.  The  frequency  was 
then  changed  to  0.1  Hz  keeping  the  same  sinusoidal  load  ampli¬ 
tude.  The  moisture-conditioned  specimens  were  tested  in  a  humid 
environment  rather  than  being  completely  immersed  as  previously 
discussed.  The  sinusoidal  stress  intensities,  \  K,  at  the  cor¬ 
responding  crack  lengths  were  calculated  using  the  secant  equa¬ 
tion.  The  computer  plots  of  da/dN  vs.  A  K,  for  the  test  condi¬ 
tions  cited  in  Figure  A60  are  shown  in  Figures  30  through  33  . 

The  combined  shifted  ambient  and  140  F  data  of  Figures  30  and 
31  are  shown  in  Figure  34(a),  The  combined  shifted  "wet"  data  of 
Figures  32  and  33  are  replotted  in  Figure  34(1). 

Examination  of  Figure  34(a)dry  data  shown  that  the  dry  da/dN 
ambient  and  140°F  curve  should  (perhaps)  shift  with  cycling  (a-p)  . 
There  is  no  common  slope  indicating  possibly  that  at  high  tem¬ 
peratures  placticity  or  similar  non-linear  effects  are  occurring. 
Neglecting  the  points  at  140°F  in  brackets  in  Figure  34  (a),  the  re¬ 
maining  ones  shift  with  those  at  room  temperature  without  account 
ing  for  the  temperature  difference.  A  possible  explanation  is 
that  thermal  acceleration  is  counteracted  by  increased  non-linear 
placticity- like  dissipation  processes. 
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Figure  26  Crack  Growth  Rate  vs  Stress  Intensity,  FM-73M,  Series  I 
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Examination  of  Figure  34(b)wet  data  shows  that  the  same 
seems  to  be  true  for  both  the  ambient  and  140  F  data.  However 
the  wet  data  shifts  by  2  decades  with  respect  to  the  dry,  indi¬ 
cating  that  similar  mechanisms  are  operative,  except  faster  in 
the  plasticized  (wet)  material.  Furthermore,  there  seems  to 
be  very  little,  if  any,  "frequency  effect",  which  is  surprising. 
Compared  to  bonded  joints,  this  is  not  so. 


3.5  Fatigue  Testing  of  Neat  Adhesives 

Dynamic  tests  composed  of  sine  wave  stressing  were  performed 
to  determine  the  velocity  of  the  time- temperature  transformations 
imposed  on  the  creep  tests  and  the  ability  to  predict  viscoelas¬ 
tic  behavior  in  other  loading  histories. 

A  fixture  adapted  to  a  servo  hydraulic  testing  machine  was 
used  to  apply  a  0-100  lb.  amplitude  sine  wave  to  the  4-ply  lam¬ 
inated  adhesive  specimens.  The  loading  fixture  shown  in  Figure 
A  61  ,  is  set  up  on  the  test  table  of  a  two-inch  ram  MTS  machine. 
The  loads  were  applied  by  the  ram  below  the  table  and  were  read 
from  the  double-key  hole  load  cell  below  the  specimen.  The  load 
cell,  calibrated  for  100  pounds  full  scale,  provided  the  feed¬ 
back  signal  to  the  servo  amplifier  and  the  load  output  to  an  X-Y 
recorder.  A  function  generator,  capable  of  both  sine  and  square 
wave  outputs,  delivered  the  command  signal  to  the  servo  system. 

Deflection  measurements  were  taken  with  an  induction  prox¬ 
imity  gage  with  a  range  of  0.100  inches  and  linear  to  0.5%.  Long 
term  stability  of  this  induction  gage  was  determined  to  be  very 
good  with  no  measurable  drift  recorded  in  a  two  hour  period  in  a 
system  capable  of  resolving  10  microinches  of  movement.  The  out¬ 
put  voltages  of  the  load  and  deflection  measuring  systems  were 
fed  to  an  X-Y  recorder  to  which  an  automatic  presetable  pen  down 
control  was  attached  to  record  load-deflection  response  at  pre¬ 
determined  intervals . 

Typical  load-deflection,  (F  vs  6  )  curves  for  FM-73M  dry  and 
wet  adhesive  materials  are  shown  in  Figs.  35  and  A62,  respectively. 
Comparison  of  these  experimental  histories  with  the  corresponding 
MARC  predictions  are  presented  in  Section  IV. 
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SECTION  IV 


STRESS  ANALYSIS 


4.1  Finite  Element  Technique 

In  the  study  of  fatigue  properties  of  joints,  we  wish  to  be 
able  to  calculate  the  normal  (peel)  and  shear  stresses  in  the  ad¬ 
hesive  interlayer  and  their  distribution  throughout  the  adhesive 
thickness.  Since  we  wish  to  explore  the  effects  of  moisture  in- 
gression,  cure,  cooling,  and  cyclic  loading  on  the  stress  distri¬ 
butions,  we  have  chosen  to  use  a  finite  element  stress  analysis. 
These  effects  would  be  very  difficult  to  account  for  by  a  classi¬ 
cal  mechanics  approach  such  as  developed  by  Goland  and  Reissner 
(Ref.  28)  and  by  Hart-Smith  (Ref.  29).  It  is  only  with  a  flexible, 
numerical  procedure,  such  as  a  sophisticated  finite-element  digi¬ 
tal  computer  program,  that  these  real-life  effects  can  be  conven¬ 
iently  analyzed. 

The  application  of  advanced  finite-element  techniques  to  an 
adhesively  bonded  joint  not  only  results  in  a  realistic  stress 
analysis  but  also  accommodates  spatial  variations  in  material 
properties  which  may  be  encountered  in  association  with  tempera¬ 
ture  and  moisture  gradients  or  with  local  damage.  Utilization  of 
incremental  loading  with  finite-clement  techniques  provides  the 
opportunity  to  explore  possible  non-linear  viscoelastic  behavior 
of  the  adhesive. 

From  the  numerous  finite  element  programs  available,  we  have 
chosen  to  use  MARC.  It  is  a  general-purpose  program  designed  for 
elastic/generalized  plastic  (with  creep)  analysis  of  structures 
and  is  capable  of  handling  large  deformations. 

In  view  of  the  time-dependent  mechanical  properties  measured 
for  the  neat  adhesive,  a  simple  viscoelastic  stress  analysis  using 
MARC  is  attempted  with  its  adhesive  material  behavior  approxi¬ 
mated  using  a  Kelvin  model  in  a  series  with  a  Maxwell  spring. 

This  material  representation,  although  recognized  to  be  somewhat 
inadequate,  was  conducted  in  order  to  guide  the  interpretation  of 
the  experimental  results.  The  originators  of  the  MARC  program 
have  subsequently  provided  a  generalized  Kelvin  (Prony  scries) 
model  representation  of  linear  viscoelastic  behavior.  Although 
this  new  model  has  not  been  applied  to  the  adhesive  joint,  it 
should  be  useful  in  later  explorations. 
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First,  in  order  to  become  acquainted  with  the  capabilities 
of  the  MARC  program,  some  initial  problems  were  run  using  the 
simpler,  less  expensive  elastic  analysis  procedure.  This  also 
permitted  studying  gross  features  of  the  spatial  stress  distri¬ 
bution  in  the  adhesive  interlayer. 


4.2  Elastic  Analysis 

In  this  section  we  consider  some  problems  of  bonded  joint 
goemetry  in  the  context  of  linear  elastic  and  small  deforma¬ 
tion  theory.  It  is  recognized,  of  course,  that  viscoelastic 
behavior  should  be  accounted  for.  However,  as  a  first  attempt 
in  understanding  and  computationally  experimenting  with  stress 
and  strain  fields  in  bonded  joints,  it  seems  appropriate  to 
exploit  the  readily  available  (and  much  less  expensive)  elastic 
finite  element  techniques.  We  shall  deal  primarily  with  new 
problem  areas,  mainly  stresses  resulting  from  (a)  mechanical 
forces  with  special  attention  being  paid  to  the  high  corner 
stresses  (corner  singularity) ,  (b)  cure  shrinkage  and  cool  down 
from  cure,  (c)  moisture  infusion  where  the  time  dependent  mois¬ 
ture  infusion  into  the  elastically  modeled  material  is  accounted 
for,  and  (d)  prediction  of  the  stiffness  of  the  bonded  joint. 


4.2.1  Corner  Singularity 

It  has  been  clear  from  the  beginning  of  the  Fatigue  Behavior 
program  that  the  greatest  uncertainty  exists  in  connection  with 
the  singularities  arising  from  corners.  Since  experiments  have 
shown  that  cracks  or  debonds  tend  to  initiate  in  the  high  stress 
region  in  the  corner  of  the  slot  cut  of  the  model  joint,  it  is 
important  to  resolve  the  character  of  the  singularity.  Although 
no  amount  of  economically  acceptable  mesh  refinement  can  accurate¬ 
ly  predict  the  strength  of  the  singularity,  the  stress  intensifi¬ 
cation  created  by  the  slot  cut  corner  is  present  in  varying  de¬ 
grees  in  nearly  all  of  the  elastic  finite  element  analysis  per¬ 
formed.  These  finite  element  analyses  encompassed  geometric 
modifications  of  the  bonded  joint  as  well  as  varying  degrees  of 
mesh  refinement.  The  significant  results  of  these  studies  will 
be  summarized  in  the  following  discussion. 

The  effects  of  the  geometry  of  the  slot  cut  on  the  stress 
distribution  in  the  adhesive  interlayer  were  determined  using  a 
constant  strain  finite  element  model  of  the  bonded  joint.  Two 
geometric  modifications  were  examined:  1)  variation  of  the  slot 
cut  depth  and  2)  variation  of  the  slot  cut  width. 
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For  the  slot  cut  width  analysis,  a  coarse  grid  model  was 
developed  which  had  one  layer  of  constant  strain  elements  repre¬ 
senting  the  adhesive  layer.  This  model  was  used  to  calculate 
the  boundary  displacements  corresponding  to  a  1000  lb  load  which 
were  then  applied  to  a  more  detailed  model  that  included  only 
that  portion  of  the  bonded  joint  near  the  saw  cut.  The  results 
of  this  portion  of  the  study  (Ref.  30  )  showed  that  no  signifi¬ 
cant  difference  exists  in  the  stress  distribution  between  a 
bonded  joint  with  a  1/16"  versus  a  1/8"  slot  cut  width. 

However,  the  study  of  the  effect  of  slot  cut  depth  showed 
the  necessity  for  uniformly  cut  specimens.  Two  cases  were  ex¬ 
amined  using  the  1/8"  mill  cut  specimen: 

1.  Specimens  with  a  cut  completely  through  the  upper  adher- 
end  and  the  adhesive,  and  slightly  into  the  lower  adher- 
end. 

2.  Specimens  with  a  cut  completely  through  the  upper  adher- 
end  but  not  into  the  adhesive  layer. 

In  Case  1,  a  cut  into  the  lower  adherend  of  13  1/3  mils  was 
simulated  by  removing  a  portion  of  the  adherend  elements.  This 
analysis  showed  a  significant  change  in  the  peak  stresses  in  the 
adhesive  layer  with  a  reduction  in  magnitude  of  30  to  40%  from 
the  unmodified  model  joint.  The  stiffness  of  the  bonded  joint 
also  decreased  by  14%  which  is  very  important  when  predicting 
the  behavior  of  the  model  joint. 

In  Case  2,  three  layers  of  elements  were  added  to  the  model 
so  that  the  adhesive  layer  would  be  continuous  across  the  slot 
cut.  This  analysis  showed  the  model  joint  stiffness  to  be  un¬ 
affected  by  this  modification.  In  general  the  adhesive  stresses 
decreased  since  the  continuous  adhesive  layer  provided  an  addi¬ 
tional  means  of  load  transfer.  However,  the  maximum  adhesive 
stresses  did  increase  and  relocated  at  the  bottom  edge  of  the 
cut . 


These  two  studies  showed  the  basic  effects  resulting  from 
various  slot  cut  widths  and  depths.  However,  the  stress  distri¬ 
bution  in  the  region  near  the  slot  cut  was  of  limited  detail  due 
to  the  use  of  constant  strain  elements  and  the  coarseness  of  the 
mesh.  Hence,  a  study  was  conducted  to  define  the  elastic  stress 
variation  through  the  adhesive  thickness  and  investigate  the 
merits  of  different  amounts  of  mesh  refinement. 


66 


Three  different  grids  ('Ref.  23  )  were  designed  in  this  stage 
of  the  analysis  with  the  distinguishing  feature  being  the  number 
of  layers  of  adhesive  elements  (one,  two,  and  four)  in  the  over¬ 
lap  region  adjacent  to  the  slot  cut.  Isoparametric  plane  strain 
elements  with  a  parabolic  displacement  function  (linear  strain) 
were  used  to  model  half  of  the  bonded  joints.  Antisymmetry  bound¬ 
ary  conditions  were  imposed  at  the  center  of  the  joint  using  the 
TYING  function  available  in  MARC.  An  elastic  analysis  was  per¬ 
formed  with  each  grid  using  adhesive  properties  representative  of 
FH-73M  dry  at  room  temperature. 

Typical  peel  and  shear  stress  distributions  at  the  center  of 
the  bondline  are  shown  in  Figures  36  &  37.  Although  the  basic 
stress  distribution  is  nearly  identical  in  all  three  models,  sig¬ 
nificant  differences  appear  in  the  region  near  the  slot  cut.  Both 
the  peel  stress  and  shear  stress  are  found  to  decrease  in  this  re¬ 
gion  of  the  fine  grid  model.  Also,  the  shear  stress  approaches 
zero  as  it  should  since  the' free  face  at  the  cut  can  have  no  net 
shear  stress. 

Contour  plots  of  the  bond  normal  stress  and  shear  stress  are 
shown  in  Figures  38  and  39 , respectively,  for  the  fine  grid  model. 
This  model  clearly  shows  that  a  significant  variation  in  the 
stresses  exists  near  the  slot.  The  presence  of  the  corner  sin¬ 
gularity  can  be  seen  at  the  lower  corner  of  the  cut  where  large 
stress  gradient  exists.  These  large  stresses,  created  by  the 
bending  in  the  cut  section  of  the  aluminum  adherends ,  is  of  con¬ 
siderable  importance  in  predicting  the  strength  and  life  of  the 
bonded  joint. 


4.2.2  Moisture  Absorption  Stresses 

The  MARC  program  was  used  in  an  elastic  analysis  to  predict 
the  stresses  in  the  bonded  join  resulting  from  the  expansion  of 
the  adhesive  caused  by  moisture  absorption.  In  order  to  calcu¬ 
late  these  stresses,  a  coefficient  of  expansion  had  to  be  deter¬ 
mined  which  could  then  be  input  into  the  MARC  finite  element  pro¬ 
gram  as  the  coefficient  of  thermal  expansion.  Thus,  with  a  suit¬ 
able  temperature  distribution,  the  desired  free  strai  ’<  in  the 
adhesive  could  be  created. 

In  order  to  determine  the  coefficient  of  expansion,  several 
•'*'  ’  5M  specimens  were  exposed  to  a  100%  RH,  60°C  environment  for 
-  :.i  /  s  During  this  period,  the  weight,  length  and  width  were 
•  i*mJ  at  0,  1,  3,  7,  29,  and  46  days.  Although  the  specimen 
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reaches  an  equilibrium  moisture  concentration  very  quickly,  the 
data  taken  at  1,  3,  and  7  days  was  nonequilibrium  data;  and 
hence  a  predicted  value  of  the  change  in  length  had  to  be  calcu¬ 
lated.  This  was  done  in  the  following  manner. 

Based  on  tne  dimensions  of  the  specimen  (1.0"x  0.5"x  35  mils 
thick)  diffusion  through  the  thickness  dominates,  and  it  is  reason¬ 
able  to  assume  a  one  dimensional  diffusion  problem.  Hence,  the 
modified  Fickean  equation  presented  in  Reference  IS  could  be  used 
to  calculate  the  variation  of  the  moisture  content  through  the 
thickness.  There  are  two  parameters  in  this  equation  which  had 
to  be  obtained  before  it  could  be  applied,  viz.,  the  diffusion 
coefficient  and  the  moisture  saturation  value.  Since  the  weight 
gain  recorded  represented  the  total  change,  the  one  dimensional 
moisture  diffusion  equation  was  integrated  through  the  thickness 
and  the  parameters  were  then  determined  from  the  experimental  data 
by  a  least  squares  curve  fit.  The  equilibrium  saturation  value 
Pe  was  calculated  to  be  2. 06%  and  the  diffusion  coefficient,  D, 
was  6.3  x  10“-’  in.2/day.  A  plot  of  the  fitted  curve  and  experi¬ 
mental  data  (Fig.  40  )  shows  good  agreement. 

The  calculation  of  the  predicted  change  in  dimensions  for 
the  coupons  with  non-equilibrium  moisture  concentration  was  per¬ 
formed  by  modeling  the  thickness  of  the  specimen  with  10  rec¬ 
tangular  finite  elements  and  applying  a  moisture  distribution 
for  1,  3,  and  7  days  (calculated  with  the  modified  Fickean  equa¬ 
tion)  as  a  temperature  variation  through  the  thickness  .  Since  a 
value  of  1.0  was  assumed  for  the  coefficient  of  expansion,  the 
coefficient  of  expansion  for  the  non-equilibrium  data  taken  at 
1,  3,  and  7  days  was  determined  by  a  simple  ratio  of  the  experi¬ 
mental  value  with  the  corresponding  value  of  \  1/ 1  . 

The  coefficient  of  expansion  based  on  width  and  length 
changes  of  the  FM-73M  coupons  at  various  points  in  time  is  shown 
in  Figure  41.  The  average  value  of  the  coefficient  of  expansion 
is  calculated  to  be  .0018  in. /in.  per  1%  increase  in  weight  with 
a  standart  deviation  of  .0016.  Note  that  the  coefficient  calcu¬ 
lated  for  the  non-equilibrium  data  shows  good  agreement  with  the 
data  taken  when  the  coupon  is  saturated.  This  supports  the  val¬ 
idity  of  the  procedure  used  to  determine  the  coefficient  at  1,  3, 
and  7  days . 

The  coefficient  of  expansion  of  .0018  in/in  per  170  increase 
in  weight  was  input  in  the  MARC  program  to  determine  the  elastic 
stresses  in  the  adhesive  layer  due  to  moisture  absorption.  It 
should  be  noted  that  the  moisture  tends  to  accelerate  the  visco¬ 
elastic  effects  of  the  adhesive *Ln  the  bonded  joint.  This  effect 
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Figure  40  Moisture  Uptake  by  FM-73M  at  60°C  and  100%  RH 
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was  neglected  for  the  present  study  since  the  primary  purpose 
is  to  gain  insight  into  the  effect  of  moisture  infusion  on  the 
stresses  in  the  adhesive  interlayer.  In  the  particular  case  of 
the  bonded  joint,  the  sides  of  the  model  were  taped  so  that 
moisture  could  only  be  absorbed  through  the  ends  of  the  adhe¬ 
sive  overlap.  Since  the  bondline  was  thin,  the  moisture  varia¬ 
tion  was  assumed  to  be  constant  through  the  thickness  but  was 
allowed  to  vary  along  the  overlap  as  determined  by  the  modified 
Fickean  equation. 

The  stress  variations  corresponding  to  3,  7,  29,  100,  and 
350  days  of  moisture  conditioning  were  determined  in  an  elastic 
analysis  using  the  coarse  grid  model.  The  shear  stress  and  bond 
normal  stress  distribution  at  1/10"  from  the  aluminum  adherend 
are  shown  in  Figures  42  and  43,  respectively.  It  must  be  empha¬ 
sized  that  the  time  variation  of  the  stresses  is  created  by  the 
changing  moisture  distribution  and  not  by  changes  in  the  adhe¬ 
sive  properties.  The  inset  plots  show  that  the  stresses  tend  to 
peak  within  3  to  5  days  of  conditioning.  However,  the  tensile 
stresses  in  the  center  of  the  overlap  region  continue  to  increase 
until  about  30  days  when  sufficient  moisture  has  diffused  to  the 
center  of  the  overlap  to  relax  the  stresses.  At  the  end  of  one 
year,  the  adhesive  is  nearly  saturated  and  the  bond  normal  stresses 
have  dropped  to  nearly  zero.  However,  the  adhesive  shear  stresses 
generally  remain  uniform  except  near  the  edge  of  the  overlap  where 
there  is  a  slight  peaking.  The  uniformity  of  the  shear  stresses 
is  due  to  the  fact  that  the  change  in  swelling  along  the  length  of 
the  overlap  is  readily  balanced  by  the  aluminum  adherends . 

In  order  to  examine  the  stresses  more  closely,  the  fine  grid 
model  was  analyzed  with  a  moisture  distribution  corresponding  to 
3  days.  Figures  44  and  45  show  the  variation  of  the  shear  and 
bond  normal  stresses,  respectively,  through  the  adhesive  layer. 
These  plots  show  that  the  effect  of  the  corner  singularity  is  to 
create  a  fairly  strong  stress  gradient  at  the  overlap  edge. 


4.2.3  Cure  Shrinkage 

In  order  to  determine  the  total  residual  stress  distribution 
in  the  adhesive  joint  prior  to  any  loading,  the  curing  process 
must  be  analyzed.  As  the  adhesive  stiffens,  a  certain  amount  of 
contraction  occurs  in  the  adhesive.  An  additional  contraction  is 
created  as  the  model  joint  is  lowered  from  the  cure  temperature 
to  the  test  temperature.  The  stresses  created  by  this  shrinkage 
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Figure  42  Adhesive  Shear  Straws  in  Adhesive  Overlap  of  Bonded  Joint  Resulting  from 
Moisture  Infution 
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Figure  43  Bond  Normal  Stresses  in  Adhesive  Overlap  of  Bonded  Joint  Resulting  From 
Moisture  Infusion 
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BONO  NORMAL  STRESS  DISTRIBUTION 


MOISTURE  ABSORPTION  -  3  OATS 


Figure  44  Bond  Normal  Stresses  at  Edge  of  adhesive  Overlap  Corresponding  to  3  Days  of 
Moisture  Conditioning 
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Figure 45  Shear  Stress  Variation  at  Edge  of  Adhesive  Overlap  Corresponding  to  3  Days  of 
Moisture  Conditioning 
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were  calculated  in  an  elastic  analysis  using  MARC.  Although 
viscoelastic  effects  were  not  considered  during  this  analysis 
(including  temperature  dependence  of  adhesive  properties) ,  the 
analysis  does  give  an  idea  of  the  magnitude  of  the  stresses 
created  by  the  curing  process . 

In  order  to  calculate  the  cure  shrinkage  stresses,  the 
adhesive  had  to  be  characterized  with  regard  to  the  shrinkage 
created  during  the  curing  process.  This  was  accomplished  by 
curing  a  3"  x  4"  specimen  and  recording  the  change  in  length. 

This  change  in  length  divided  by  the  uncured  length  gives  the 
free  strain  which  results  during  the  curing  process.  The  value 
which  was  determined  for  FM-73M  was  0.025  inches/inch. 

In  addition  to  the  shrinkage  created  by  curing,  there  is 
a  0.009  in/ in  shrinkage  created  by  lowering  the  specimen  from 
the  cure  temperature  (250  F)  to  the  test  temperature  (70°F) . 

An  expansion  coefficient  afid  temperature  were  input  in  the  MARC 
analysis  so  that  the  total  free  strain  of  -0.034  inches/ inch 
was  created. 

The  value  of  the  stresses  calculated  by  the  MARC  program 
reach  a  peak  of  6600  psi  in  the  center  of  the  overlap,  which 
is  very  close  to  the  tensile  strength  of  the  FM-73M  at  room 
temperature  (-7000  psi)  .  The  stress  calculated  by  MARC  is  close 
to  the  value  one  would  calculate  using  the  elastic  relations 
for  plane  stress.  If  a  value  of  E  of  131,290  psi  is  used,  the 
calculated  stress  is  6565  psi. 

The  plots  of  the  bond  normal  and  shear  stress  shown 
in  Figures  46  and  47,  respectively,  show  that  there  is  a  signifi¬ 
cant  variation  of  the  stress  through  the  adhesive  layer  near  the 
edge  of  the  overlap.  However,  the  stresses  do  approach  a  constant 
value  at  a  short  distance  away  from  the  slot  cut. 


4.2.4  Combination  of  Moisture  Absorption  with 
Cure  Shrinkage  Stresses 

A  consideration  of  the  superposition  of  the  stresses  crea¬ 
ted  by  cure  shrinkage  and  moisture  absorption  shows  that  the 
effect  of  the  expansion  caused  by  the  moisture  is  relatively 
small  compared  to  the  shrinkage  created  during  curing.  For  long¬ 
time  static  equilibrium,  there  are  three  free  strains  that  must 
be  combined :1)  that  due  to  cure  shrinkage,  2)  that  due  to  cooling 
of  the  test  specimen  from  250°F  to  70°F,  and, 3)  that  due  to  the 
expansion  of  the  adhesive  caused  by  moisture.  The  values  of 
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Figure  46 


Figure  47 
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these  strains  are  .025,  .009,  and  -. 004,  respectively ,  creating 
a  total  free  strain  of  .030  inches/inch.  Note  that  the  effect 
of  a  saturated  adhesive  is  to  reduce  the  free  strain  by  only 
127„.  Thus,  the  most  significant  residual  stresses  are  created 
by  the  curing  process. 

In  addition  to  long-term  static  equilibrium,  there  are 
transient  stresses  created  by  the  diffusion  of  moisture  into  the 
adhesive  bondline.  Figures  48  and  49  show  the  bond  normal  and 
shear  stress  distribution,  respectively,  at  1/10  of  thickness  of 
the  bondline  from  the  adhesive  adherend  interface.  The  stresses 
are  shown  for  the  shrinkage  created  by  the  curing  process  and 
the  swelling  created  by  the  moisture  expansion  at  one  and  three 
days  . 

It  can  be  seen  that  neither  the  bond  normal  nor  shear 
stresses  would  be  signif icantly  affected  by  a  superposition  of 
cure  shrinkage  and  moisture  effects.  However,  near  the  edge  of 
the  overlap  there  is  a  peak  in  the  bond  normal  stress  created 
by  the  cure  shrinkage  which  would  increase  by  50%  if  superposed 
with  the  stresses  created  by  moisture  ingression.  Similar  be¬ 
havior  is  shown  by  the  adhesive  shear  stresses  near  the  edge  of 
the  overlap  except  that  the  moisture  stresses  would  only  cause 
a  slight  decrease  in  the  magnitude  of  the  shear  stresses.  These 
results  indicate  that  the  stresses  created  by  cure  shrinkage 
(as  compared  to  moisture  ingression)  are  of  significant  impor¬ 
tance  when  considering  residual  stresses  in  the  bonded  joint. 


4.2.5  Prediction  of  Joint  Stiffness 

An  examination  of  the  load  deflection  response  obtained  during 
fatigue  cycling  of  the  bonded  joint  reveals  that  a  gradual  decrease 
in  stiffness  occurs.  This  is  evidenced  by  the  diminishing  slope 
of  the  load  versus  deflection  plots.  This  behavior  was  initially 
associated  with  either  a  reduction  in  overlap  area  created  by  in¬ 
terfacial  cracks  (debonding)  or  an  actual  change  in  the  material 
properties  which  occurred  after  extended  periods  of  fatigue  cyc¬ 
ling.  In  order  to  determine  the  sensitivity  of  the  stiffness  of 


80 


Figure  48 


Figure  48 
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the  bonded  joint  to  these  two  changes,  a  series  of  finite  element 
analyses  was  performed.  The  results  of  this  study  were  essential 
in  arriving  at  the  conclusion  (discussed  in  Section  6.5)  that  the 
observed  loss  of  stiffness  is  due  to  interfacial  cracks.  The 
following  discussion  presents  the  method  used  to  determine  the 
sensitivity  of  the  joint  stiffness  to  debonds  and  adhesive  modu¬ 
lus  variations . 


For  this  study,  the  fine  grid  MARC  model,  which  has  four 
layers  of  linear  strain  elements  representing  the  adhesive,  was 
selected.  A  uniform  load  of  214.3  lbs  was  applied  to  the  ends 
of  the  joint,  and  interfacial  cracks  of  0.013,  0.04,  0.10,  and  0.16 
were  selectively  added  to  the  model.  These  cracks  or  debonds 
were  assumed  to  initiate  at  the  high  stress  region  in  the  comer 
of  the  slot  cut  as  observed  in  experiments.  Since  an  antisymmet¬ 
ric  math  model  was  used,  the  analyses  actually  included  two  cracks, 
one  at  each  corner  of  the  adhesive  overlap.  The  load  tends  to 
both  open  and  shear  the  crack  (Mode  I  and  II,  respectively),  and 
thus  no  modeling  inconsistency  was  created  by  the  attempted  over¬ 
lapping  of  grid  work. 

In  addition  to  cracks  of  various  lengths,  three  values  of 
the  adhesive  modulus  were  considered:  131,290,  112,161,  and 
105,032  psi.  These  values  were  used  in  various  combinations 
with  the  previous  crack  lengths  in  an  elastic  analysis.  The 
joint  stiffness  was  calculated  for  each  run  by  ratioing  the  load 
and  the  change  in  displacement  at  the  slot  cut.  This  displace¬ 
ment  corresponds  closely  to  that  measured  by  the  clip  compliance 
gage. 


A  plot  of  the  calculated  joint  stiffness  versus  debond  length 
is  shown  in  Figure  50.  The  stiffness  is  found  to  decrease  in  a 
nearly  linear  fashion  up  to  a  length  of  0.1"  (207»  of  the  overlap). 
At  this  point,  the  stiffness  begins  to  fall  off  more  rapidly.  The 
sensitivity  of  the  model  joint  to  adhesive  modulus  variations  is 
also  seen  in  Figures  51&52.  A  2(74  change  in  the  adhesive  modulus 
results  in  only  a  6%  decrease  in  the  stiffness  of  the  bonded  joint 
This  indicates  that  the  stiffness  of  the  bonded  joint  is  not  par¬ 
ticularly  sensitive  to  adhesive  modulus  variations  because  a  sub¬ 
stantial  portion  of  the  clip  gage  displacement  is  due  to  deforma¬ 
tions  of  the  aluminum  adherends . 

Plots  of  the  peel  and  shear  stresses  shown  in  Figures  51  and 
52  show  that  the  presence  of  the  crack  sharply  reduces  the  high 
peel  stress  near  the  slot  cut.  This  results  from  the  fact  that 
the  crack  prevents  significant  load  transfer  in  that  region.  As 
expected,  the  average  sh6ar  stress  increased  to  compensate  for 
the  decreased  area  of  the  overlap. 
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Figure  52  Effect  of  Intarfecial  Cracks  on  Adkothre  Shear  Stmt 


The  variation  of  the  adhesive  modulus  as  discussed  in  this 
section  caused  only  a  slight  decrease  in  the  peak  stresses  as 
the  modulus  was  decreased.  Over  the  majority  of  the  overlap, 
the  stresses  did  not  change  more  than  1%.  The  behavior  of  the 
peel  and  shear  stresses  could  be  predicted  based  on  the  effect 
of  rigid  adherends  on  the  stress  distribution  as  discussed  in 
Section  4.3.3. 


4.3  Viscoelastic  Analysis 

Predicting  the  stress  strain  distribution  in  the  adhesive 
layer  during  cyclic  loading  of  the  bonded  joint  was  one  of  the 
primary  goals  of  the  stress  analysis  task  of  this  program.  Recog¬ 
nizing  the  complexity  of  this  problem,  an  attempt  was  made  to  ac¬ 
quire  an  analytical  method  that  would  provide  the  greatest  versa¬ 
tility  in  finite  element  analysis.  The  MARC  finite  element  pro¬ 
gram  was  selected  because  of  its  ability  to  solve  problems  that 
involve  large  deflections,  inelastic  behavior,  and  some  visco¬ 
elastic  analysis.  The  application  of  finite  element  techniques 
allows  realistic  stress  analysis  of  the  bonded  joint  since  point 
by  point  material  variations  may  be  introduced  into  the  adhesive 
layer  as  occur  in  the  adhesive  under  influence  of  a  moist  envir¬ 
onment  . 

The  application  of  a  sophisticated  finite  element  program, 
such  as  MARC,  requires  a  substantial  amount  of  time  be  expended 
to  become  familiar  with  its  capabilities  and  confidence  in  its 
use.  Hence,  many  test  problems  were  run  before  a  viscoelastic 
analysis  of  the  model  joint  was  attempted.  The  following  sections 
document  those  results  that  pertain  directly  to  the  MARC  visco¬ 
elastic  analysis  of  neat  specimens  and  the  model  joint  including: 
1)  the  viscoelastic  material  characterization  of  FM-73M,  2)  creep 
compliance  and  cyclic  response  of  the  model  joint,  3)  effect  of 
rigid  versus  non-rigid  adherends  on  the  stress  distribution  of 
the  model  joint,  and  4)  effects  of  material  nonlinearities  on 
model  joint  response. 


4.3.1  Viscoelastic  Characterization  of  FM-73M 

Examination  of  the  load  deflection  plots  obtained  from  the 
fatigue  tests  shows  that  an  elastic  or  inelastic  analysis  would 
be  inappropriate.  The  behavior  of  the  model  joint  must  be  attrib¬ 
uted  to  the  viscoelastic  properties  of  the  adhesive.  Subsequent 
tests  have  indicated  the  likelihood  of  nonlinear  viscoelastic 
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behavior  but  no  viable  constitutive  relations  have  been  devel¬ 
oped  for  the  adhesive.  Thus  it  was  assumed  that  under  low  load 
levels,  the  adhesive,  FM-73M,  behaved  as  a  linear  viscoelastic 
material . 

The  latest  release  of  the  MARC  program  allows  the  definition 
of  a  viscoelastic  material  model  through  a  Prony  series.  However, 
this  feature  was  not  available  during  the  Fatigue  Behavior  Program 
so  a  three  parameter  solid  material  model  had  to  be  adopted.  Al¬ 
though  a  Maxwell  element  in  series  with  a  Voigt  element  was  allowed 
in  the  MARC  code,  both  were  predicated  on  the  assumption  of  an 
incompressible  material  which  is  not  valid  for  FM-73M.  Program 
modifications  were  made  to  remove  the  incompressibility  from  the 
Voigt  element  but  the  Maxwell  element  could  not  be  modified.  Thus 
the  three  parameter  material  model  was  used  for  the  viscoelastic 
analysis . 

To  define  the  three  parameters  in  the  viscoelastic  material 
model,  it  was  necessary  to  relate  the  physical  adhesive  material 
response  to  that  predicted  by  the  material  model .  This  was  accom¬ 
plished  by  making  a  least  squares  fit  of  experimental  compliance 
data  to  the  analytical  solution  of  the  differential  equation 
which  describes  the  material  model. 

As  a  check  on  the  material  model  obtained  in  this  manner. 
FM-73M  adhesive  was  characterized  for  the  dry  condition  at  72°C. 
This  characterization  was  compared  to  information  on  the  shear 
creep  compliance  of  the  neat-neat  adhesive  at  72°C  obtained  from 
recent  experiments  conducted  at  the  California  Institute  of  Tech¬ 
nology  (Ref.  31  ) .  By  multiplying  the  shear  creep  data  times  the 
factor  1/2(1  +  v  ) ,  the  equivalent  tensile  creep  compliance ,  d( t)  , 
was  calculated.  This  data  is  shown  plotted  in  Figures  53  6.  54  along 
with  the  data  collected  in  the  Fatigue  Behavior  program.  The 
GALCIT  data  is  stiffer  elastically  and  shows  less  time  dependence 
than  the  corresponding  Fatigue  Behavior  program  data.  Although 
the  GALCIT  data  was  obtained  from  tests  on  an  adhesive  without  a 
scrim  layer,  it  was  not  expected  that  this  would  result  in  a 
significant  difference  from  the  data  obtained  on  the  scrimmed 
adhesive  in  the  Fatigue  Behavior  program. 

Since  a  considerable  discrepancy  existed  between  the  two 
sets  of  data,  it  was  decided  to  characterize  the  adhesive  based 
on  the  response  of  the  neat  specimen  to  cyclic  loading.  Four 
different  coupons  were  cycled  and  a  least  squares  fit  of  the 
experimental  data  was  made  to  the  analytical  solution.  Plots 
of  a  portion  of  this  data  and  the  corresponding  analytical  pre¬ 
dictions  are  shown  in  Figures  55,  56, &  57  .  The  predicted  response 
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Figure  55  Comparison  of  Analytical  and  Experimental  Load-Deflection  Responses  (Cycle  1) 


Figure  57  Comparison  of  Analytical  and  Experimental  Load-Deflection  Response! (Cycle  3) 
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based  on  the  analytical  solution  for  the  GALCIT  and  Fatigue 
Behavior  program  creep  data  are  also  shown. 

Significant  differences  can  be  seen  in  the  response  of  the 
coupons  between  the  first  (Fig.  55  )  and  second  (Fig.  56  ) 

cycles.  The  adhesive  is  stiffer  and  shows  less  time  dependence 
during  the  second  cycle.  This  apparent  change  in  the  mechanical 
properties  of  the  adhesive  is  present  even  after  the  coupons  were 
allowed  to  relax  overnight  and  then  cycled  again.  (Fig.  57  ). 
This  behavior  is  attributed  to  a  "shakedown”  phenomenon  caused 
by  a  residual  stress  state  created  during  the  curing  of  the 
adhesive.  (See  also  Section  5.42).  Thus,  mechanical  properties 
obtained  from  tests  of  the  virgin  adhesive  will  not  represent 
the  properties  of  the  adhesive  material  as  required  for  a  visco¬ 
elastic  analysis  of  the  model  joint.  The  properties  determined 
from  creep  compliance  tests  and  sinusoidal  testing  on  virgin 
material  will  only  be  valid  to  the  extent  that  the  residual 
stresses  on  the  two  specimens  are  the  same.  Even  so,  the  "shake- 
down"  effect  requires  that  a  new  model  be  obtained  for  subse¬ 
quent  cycles. 

The  analytical  creep  compliance  response  based  on  the  three 
parameters  derived  from  the  cyclic  test  specimen  is  shown  in 
Figures  58,  59,  and  60.  The  ]iots  also  show  creep  compliance  data 
taken  in  the  Fatigue  Behavior  program  and  supplemental  data  ob¬ 
tained  from  the  Cal  Tech  program.  As  expected  from  a  review  of 
the  sinusoidal  load  deflection  diagrams,  the  creep  compliance  of 
the  model  before  "shakedown"  falls  between  the  creep  compliance 
data  fits.  However,  after  "shakedown"  (1st  cycle  after  overnight 
relaxation) ,  the  adhesive  creep  compliance  was  found  to  closely 
resemble  that  generated  in  the  Cal  Tech  program.  In  fact,  the 
creep  compliance  predicted  from  the  cyclic  test  data  provides  a 
better  fit  of  the  Cal  Tech  program  data  than  the  least  squares 
fit  of  the  data. 

This  is  the  result  of  the  application  of  the  very  limited 
three  parameter  solid  viscoelastic  model  to  data  which  spans  more 
than  two  decades  in  time.  Since  all  of  the  data  was  weighted 
equally  in  the  least  squares  fit,  some  accuracy  was  given  up  in 
the  early  time  decades  to  fit  the  data  at  later  times.  Hence, 
the  least  squares  objective  function  effectively  forces  the  com¬ 
pliance  at  earlier  times  to  remain  nearly  constant.  However,  it 
is  in  the  early  time  decades  that  a  significant  portion  of  the 
creep  occurs  and  thus  the  analytical  prediction  tends  to  be  too 
time  independent.  This  has  been  confirmed  by  fitting  the  GALCIT 
data  over  a  time  period  of  only  two  decades  resulting  in  a  sig¬ 
nificant  increase  in  the  time  dependence  and  a  predicted  stress 
strain  plot  under  a  cyclic  load  closely  resembling  the  data  gen¬ 
erated  by  the  Fatigue  Behavior  program. 
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In  addition  to  characterizing  FM-73M  through  tests  of  neat 
specimens,  it  was  also  characterized  by  backing  the  parameters 
out  of  test  data  obtained  during  cyclic  testing  of  the  model 
joint.  The  material  properties  required  to  predict  the  response 
of  two  bonded  joints  were  determined  by  using  the  coarse  grid 
MARC  finite  element  model  in  a  viscoelastic  analysis.  The  thick¬ 
ness  of  the  bondline  in  the  finite  element  model  was  adjusted  so 
that  it  matched  that  of  the  corresponding  test  article  and  a 
sinusoidal  load  of  proper  magnitude  was  applied.  The  three 
parameters  in  the  material  model  were  then  varied  until  a  good 
agreement  was  obtained  between  the  experimental  data  and  the  pre¬ 
dicted  response. 

Plots  of  the  experimental  data  and  predicted  response  is 
shown  in  Figures  61  and  62 .  Both  joints  show  good  agreement 
between  the  experimental  and  predicted  response.  However,  52A11 
seems  to  be  too  soft  elastically.  If  the  parameters  determined 
from  the  bonded  joints  are  used  to  predict  the  tensile  creep  com¬ 
pliance  of  FM-73M,  it  is  found  to  closely  match  the  experimental 
data  for  FM-73M  dry  at  72°C  (  Fig.  63  ).  This  fact  lends  support 

to  the  feeling  that  the  bulk  properties  of  the  adhesive  do  not 
change  when  used  in  the  model  joint. 


4.3.2  Viscoelastic  Analysis  of  Model  Joint 

In  anticipation  of  a  viscoelastic  analysis  of  the  bonded 
joint,  a  study  was  performed  to  determine  how  sensitive  the 
stresses  in  the  adhesive  interlayer  are  to  variations  in  Poisson's 
ratio,  v  .  This  was  considered  necessary  since  the  formulation 
of  the  viscoelastic  problem  could  be  simplified  if  Poisson's 
ratio  was  assumed  to  be  constant.  Also,  if  the  elastic  stress 
distribution  was  not  very  sensitive  to  moderate  variations  of 
Poisson's  ratio,  an  assumed  constant  value  could  be  used  even 
if  some  time  variation  were  present. 

Elastic  solutions  were  performed  using  the  coarse  grid  model 
(one  layer  of  elements  representing  the  adhesive)  while  the  value  of 
Poisson's  ratio  was  varied  between  0.29  and  0.35.  A  plot  of  the 
peel  stress  and  shear  stress  at  the  center  of  the  adhesive  is 
shown  in  Figures  36  and  37,  respectively.  The  shear  stresses 
show  no  observable  variation  and  the  variation  in  peel  stresses 
is,  at  most,  6%. 
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EXPERIMENTAL  RESPONSE  VS  MARC  PREDICTED 


Figure  61  Comparison  of  Experimental  and  Predicted  Resonse  of  Bonded  Joint  40A5 


EXPERIMENTAL  RESPONSE  VS  MARC  PREDICTED 


Figure  62  Comparison  of  Experimental  and  Predicted  Response  of  Bonded  Joint  S2A11 
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Figure  63  Comparison  of  Experimental  Creep  Compliance  Data  and  Predicted  Creep  Compliance 
Based  on  Model  Joint  Data 


In  order  to  more  accurately  assess  the  impact  of  varia¬ 
tions  of  Poisson's  ratio  on  the  stress  distribution,  the  fine 
grid  model  was  analyzed  with  v=  0.24  and  v=  0.32.  The  peel 
and  shear  stress  contour  plots  were  superposed  for  these  two 
analyses  and  are  shown  in  Figures  64  and  65,  resepctively . 

Minor  changes  in  the  stresses  are  present  as  would  be  expected 
from  altering  the  material  properties,  but  the  basic  trend  in 
stress  distribution  remains  intact.  This  fact  was  sufficient 
to  allow  the  assumption  of  a  constant  Poisson's  ratio  for  use 
in  the  formulation  of  the  viscoelastic  analysis. 

Since  comparisons  of  the  elastic  stress  distribution  ob¬ 
served  in  the  fine  grid  and  coarse  grid  models  showed  excellent 
agreement,  the  latter  was  selected  for  the  viscoelastic  analysis. 
The  viscoelastic  properties  of  the  adhesive  interlayer,  repre¬ 
sented  by  a  single  layer  of  elements,  were  defined  using  the  stan¬ 
dard  3-parameter  solid  material  model  as  discussed  in  Section  4 . 3 . 1 . 
The  properties  selected  were  similar  to  FM-73M  dry  at  72°C. 

The  most  important  effect  observed  in  the  viscoelastic 
analysis  of  the  model  joint  was  the  redistribution  of  stresses 
which  results  from  the  fact  that  the  adherends  are  not  rigid. 

Under  cyclic  loading  with  a  period  of  2.7  hours, the  MARC  results 
showed  that  the  adhesive  stresses  were  relaxing  faster  than  the 
stresses  caused  by  the  applied  load  are  increasing  (Figs.  66 
and  67  ) .  However,  near  the  corner,  this  effect  is  reversed. 

The  stress  gradient  is  high  in  that  region  and  the  stress  induced 
from  the  increase  in  the  applied  load  exceeds  the  stress  decrease 
caused  by  relaxation  that  occurs.  This  results  in  a  net  increase 
in  stress.  After  unloading,  the  MARC  program  predicts  a  residual 
stress  state  exists  in  which  the  peel  stress  shows  compression 
at  the  slot  cuts  and  tension  in  between.  The  shear  stresses 
show  a  similar  reversal  of  sign  at  the  slot  cuts  (Fig.  67  ). 

Similar  results  were  obtained  when  the  creep  compliance  of 
the  bonded  joint  was  predicted.  Plots  of  the  adhesive  bond  nor¬ 
mal  and  shear  stresses  are  shown  in  Figures  68  and  69  ,  respec¬ 
tively.  The  shear  stresses  in  the  ends  of  the  overlap  region 
and  all  the  peel  stresses  relax  with  time  resulting  in  a  stress 
redistribution . 

Attempts  to  compare  the  experimental  creep  compliance  of  the 
bonded  joint  with  the  predicted  response  was  complicated  by  the 
fact  that  the  model  joints  tested  had  bondlines  of  varying  thick¬ 
nesses  and  the  same  loads  were  not  used  on  all  of  the  joints. 

Thus,  two  assumptions  were  made:  the  clip  gage  displacement  is 
proportional  to, 1)  the  adhesive  thickness  and, 2)  the  applied  load. 
These  two  assumptions  are  based  on  the  response  of  a  model  joint 
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Figure  66  P®*l  Stress  Distributions  Along  Adhesive-Adherend  Interface  (Sinusoidal  Load) 
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with  rigid  adherends  and  a  linear  viscoelastic  adhesive.  As 
pointed  out  in  Section  43.3,  the  fact  that  the  adherends  are  not 
rigid  resulting  in  stress  redistribution  and  hence  these  assump¬ 
tions  were  not  completely  valid. 

After  ratioing  the  loads  and  thicknesses  to  those  used  in 
the  MARC  analysis,  it  was  found  that  the  bonded  joint  was  stiffer 
than  predicted  by  MARC.  Also,  the  creep  rate  was  significantly 
higher  in  the  first  few  minutes  of  loading.  Although  it  is  prob¬ 
able  that  some  of  the  problems  which  arise  in  predicting  the  re¬ 
sponse  of  the  model  joint  are  due  to  nonlinear  effects,  it  appears 
that  the  major  obstacle  is  the  limited  three  parameter  material 
model.  In  the  early  period  of  the  loading,  the  3-parameter  model 
has  very  little  creep  and  thus  the  MARC  program  cannot  predict 
the  response  with  any  accuracy.  However,  the  Prony  series  expan¬ 
sion  available  in  the  latest  release  of  MARC  should  allow  better 
description  of  the  viscoelastic  properties  of  the  adhesive. 

It  is  expected  that  a  more  elaborate  material  model  will 
allow  a  more  accurate  prediction  of  the  response  of  the  model 
joint.  This  is  suggested  by  the  fact  that  since  the  model  joint 
is  not  very  sensitive  to  the  adhesive  elastic  modulus,  the  in¬ 
ability  to  accurately  predict  the  time  dependent  response  of  the 
joint  must  be  due  to  the  time  dependent  capability  of  the  present 
material  model  ;  in  this  case,  the  single  Voigt  element  (spring 
and  dashpot  in  parallel) .  The  least  squares  data  fit  used  in 
determining  the  constants  for  the  three  parameter  material  model 
tends  to  average  out  the  time  dependence  of  the  material  during 
the  earlier  time  interval  where  a  significant  amount  of  creep 
occurs.  Hence,  the  MARC  program  could  not  predict  the  response 
of  the  model  joint  very  accurately. 


4.3.3  Rigid  Versus  Non-Rigid  Adherends 

In  the  course  of  predicting  the  stress  distribution  in  the 
adhesive  interlayer  during  the  viscoelastic  analysis  of  the  model 
joint,  it  was  observed  that  there  was  a  redistribution  of  stresses. 
This  behavior  contradicted  the  results  expected  if  the  adherends 
were  perfectly  rigid  as  developed  in  Appendix  A  of  Vol .  II.  In 
this  analysis,  the  stress  distribution  in  the  adhesive  interlayer 
of  a  model  joint  with  rigid  adherends  is  considered.  The  two 
dimensional  boundary  value  problem  is  formulated  with  a  constant 
Poisson's  ratio  and  a  time  dependent  Young's  modulus.  The  anal¬ 
ysis  shows  that  under  constant  load,  there  is  a  time  independent 
stress  distribution,  and  there  are  time-dependent  creep  displace- 


merits .  however,  this  is  possible  only  because  Poisson's  ratio 
is  assumed  constant  and  because  the  displacements  could  be  pres¬ 
cribed,  a  prior,  on  the  rigid  boundaries.  Since  in  the  analy¬ 
sis  performed  the  adherend  modulus  was  78  times  larger  than  the 
adhesive  modulus,  it  was  assumed  that  the  MARC  solution  would 
yield  an  adhesive  stress  distribution  that  was  independent  of 
time  and  load.  Such  was  not  the  case.  Two  reasons  were  con¬ 
sidered  for  the  stress  redistribution:  1)  the  MARC  solution 
scheme  was  inconsistent,  and  2)  the  adherends  were  not  rigid. 


To  isolate  the  cause,  the  MARC  viscoelastic  code  was  checked 
in  .the  analysis  of  a  simple  problem  whose  solution  is  well  docu¬ 
mented.  The  problem  selected  was  the  bending  of  a  beam  under  a 
uniform  load.  This  stress  boundary  value  problem,  found  in  Refer¬ 
ence  32,  has  an  elastic  solution  in  which  the  stresses  are  in¬ 
dependent  of  the  material  properties  and  the  displacements  are 
inversely  proportional  to  the  modulus  of  elasticity.  Therefore, 
the  viscoelastic  solution  had  to  yield  time  independent  stresses 
and  time  dependent  displacement  which  were  always  proportional 
to  the  elastic  solution.  This  was  the  result  obtained  from  the 
MARC  finite  element  analysis. 

With  the  MARC  solution  scheme  verified  attention  was  focussed 
on  the  effect  of  adherend  stiffness  on  the  elastic  stress  distri¬ 
bution.  The  adhesive  stress  distribution  was  used  as  an  indica¬ 
tion  of  how  rigid  the  adherends  were.  Elastic  analyses  were 
performed  with  an  adherend  modulus  of  lO^psi,  10®  psi  and  rigid 
adherends.  The  bond  normal  stresses  and  adhesive  shear  stresses 
are  shown  in  Figures  70  and  71,  respectively.  The  analysis  in¬ 
dicates  that  as  the  stiffness  of  the  adherends  increases,  the 
bond  normal  stresses  approach  zero  except  for  the  peaking  at  each 
end  of  the  overlap.  The  shear  stresses  also  approach  the  average 
of  428.6  psi  while  dropping  to  zero  at  the  free  surface  on  the 
end.  These  results  indicate  that  the  stresses  are  significantly 
sensitive  to  the  increased  adherend  modulus. 

Since  the  elastic  stress  distributions  in  the  model  joint 
are  decisively  different  from  those  obtained  in  a  joint  with 
completely  rigid  adherends,  it  seems  reasonable  to  expect  the 
viscoelastic  solutions  to  reflect  the  same  behavior.  Thus,  it 
was  concluded,  that  although  the  model  joint  consists  of  stiff 
adherends,  the  adherends  are  not  stiff  enough  to  result  in  a 
stress  distribution  comparable  to  that  expected  if  the  adherends 
were  perfectly  rigid.  In  particular,  the  viscoelastic  response 
of  the  model  joint  results  in  a  redistribution  of  the  stresses. 
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Figure  70  Effect  of  Adherend  Stiffness  on  Bond  Normal  Stress  Distribution 


Figure  7t  Effect  of  Adherend  Stiffness  on  Adhesive  Shear  Stress  Distribution 


103 


4.3.4  Effects  of  Material  Nonlinearities 


As  discussed  previously,  the  adhesive  used  in  this  study 
(FM-73M)  was  considered  to  act  as  a  linear  viscoelastic  material 
at  low  load  levels.  However,  the  adhesive  characterization  meas¬ 
urements  made  during  the  Fatigue  Behavior  program  have  indicated 
possible  nonlinear  viscoelastic  response.  These  nonlinear  effects, 
in  combination  with  the  limited  material  model  available  at  the 
time  of  this  program,  prevent  one  from  confidently  predicting  the 
response  of  the  model  joint  using  MARC.  The  incorporation  of 
the  Prony  series  into  the  MARC  code  will  provide  a  considerable 
increase  in  the  analytical  power  available  for  characterization 
of  the  adhesive  and  the  response  of  the  model  joint.  However,  the 
inclusion  of  nonlinear  effects  creates  a  significant  increase  in 
the  cost  required  to  predict  the  response  of  the  bonded  joint 
using  finite  element  analysis.  Hence,  it  appears  likely  that  a 
specialized  viscoelastic  code  that  is  more  efficient  will  be  re¬ 
quired  to  cost  effectively  investigate  nonlinear  effects. 

In  addition  to  an  improved  and  efficient  viscoelastic  code, 
the  equipment  available  for  experimental  measurement  must  have 
sufficient  resolution  to  allow  subtle  changes  in  adhesive  response 
to  be  observed.  Higher  loads  than  desirable  were  often  applied 
to  neat  specimens  and  model  joints  so  that  displacements  could 
be  measured  with  some  accuracy.  However,  these  increased  load 
levels  were  not  in  the  best  interest  of  a  linear  viscoelastic 
analysis . 
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SECTION  V 


CYCLIC  TESTING  OF  BONDED  JOINTS 


5.1  Fatigue  Testing  Equipment 

Tension-tension  fatigue  testing  of  environmentally  condition¬ 
ed  model  joints  was  conducted  at  a  stress  ratio,  R,  of  0.1  in 
the  AMETEK  servo -hydraulic  fatigue  test  machine  (Fig.  A63)  on  the  « 
3000  pound  full  scale  range.  Displacement  of  the  model  joint 
was  measured  by  means  of  a  strain- gage  compliance  gage,  clipped  ^ 
to  grooves  milled  into  the  slots.  Load-displacement  (F  vs  8  ) 
curves  were  recorded  on  a  HP  Model  7004B  X-Y  plotter.  From 
these  curves  it  is  possible  to  monitor  the  change  in  the  "effec¬ 
tive  modulus"  (slope)  as  well  as  the  area  of  the  hysteresis  loop 
of  each  individual  cycle  to  evaluate  the  effects  of  temperature, 
moisture  level,  loading  waveform,  frequency,  and  stress  level  on 
fatigue  characteristics  of  the  adhesive  interlayer  of  the  bonded 
joint . 

Testing  temperatures  of  -65°F  to  +140°F  for  FM- 7 3M  joints  were 
obtained  through  the  use  of  special  environmental  chambers  sur¬ 
rounding  the  region  between  the  clevises  of  the  fatigue  machine. 

The  low  temperature  environment  was  obtained  by  blowing  vaporized 
liquid  nitrogen  into  a  polystyrofoam  enclosure  surrounding  the 
region  between  the  loading  fixtures . 

Two  thermocouples  were  used  to  monitor  and  control  tempera¬ 
tures;  one  to  monitor  temperature  inside  the  milled  slot  of  the 
bonded  joint  specimen,  and  the  other  in  the  chamber  enclosure  to 
activate  the  temperature  controller  valve.  The  compliance  gage 
used  to  measure  displacements  was  wrapped  in  thermal  insulation 
to  reduce  the  effects  of  temperature  fluctuation  on  the  sensi¬ 
tive  component  strain  gages.  Temperature  was  controlled  to  t3°F. 

The  elevated  temperature  tests  were  conducted  in  the  test 
chamber  shown  in  Figure  72.  Temperature  was  maintained  to  t3°F 
by  means  of  a  recirculating  fan  and  a  Honeywell  proportional 
temperature  controller  regulating  the  electrical  resistance  heat. 
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Figure  72  High  Temperature  Chamber  far  Fatigue  Testing  of  Model  Joints 
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5.2  Monitoring  of  Loads  and  Deformation  Measurement 


One  of  the  key  elements  of  the  Fatigue  Behavior  program  is 
the  accurate  measurement  of  the  model  joint  test  specimen  re¬ 
sponse  to  the  load  imposed  under  the  different  temperature/mois¬ 
ture  environments  and  relating  this  to  the  adhesive  character¬ 
istics  . 

The  model  thick  adherend  joint  is  ir.'-trunented  to  meas¬ 
ure  and  record  the  mechanical  response  of  the  model  adhesive 
joint  during  cyclic  loading.  The  following  measurements  are  de¬ 
sirable:  compliance  of  the  joint  in  shear,  tensile  and  bending 
strain  in  adherend  adjacent  to  the  joint;  and  dimensional  changes 
of  the  joint  in  the  thickness  direction. 

There  are  at  least  two  main  types  of  extensometers  that 
could  be  used  to  measure  deformation  in  the  model  joint.  Vought 
Corporation  Advanced  Technology  Center's  program  on  "Rigorous 
Property  Measurements  of  Adhesively  Bonded  Joints"  (Contract 
F33615-76-C-5205)  (Ref.  2  )  evaluated  at  least  two  extensometer 
techniques,  the  linear  variable  differential  transformer  or  LVDT 
concept  and  the  air  gap  capacitor  concept,  for  both  the  static 
and  cyclic  loading  cases. 

Accurate  measurement  of  the  adhesive  deformation  is  imposs¬ 
ible  unless  one  can  attach  a  measurement  device  at  the  adhesive 
bondline.  Such  a  system,  based  on  the  LVDT  principle  and  using 
a  three  point  pick-up  on  each  side  of  the  specimen  in  the  proximity 
of  the  adhesive-adherend  interface  has  been  proposed  by  Krieger 
of  American  Cyanamid  for  measurement  of  deflections  under  static 
and  cyclic  loading  cases  (Ref.  33). 

An  air  gap  capacitor  device  has  also  been  evaluated  by  Ren¬ 
ton  of  Vought  Corporation  and  has  recently  been  checked  out  for 
use  on  thick- adherend  single  lap  shear  joint  specimens  for  both 
the  static  and  cyclic  loading  cases  (Ref.  3  ) . 

The  environmental  effects  (  iperature,  humidity),  the  long 
term  stability,  and  the  dy^mic  sponse  of  these  two  systems  are 
somewhat  as  yet  undetermin,  although  Renton  has  recently  checked 
out  the  capacitor  device  for  fatigue  experiments  (Ref.  3  )•  The 
standard  clip  compliance  gage  was  used  to  obtain  the  deformation 
measurements  in  the  Fatigue  Behavior  program  which  was  well  underway 
before  Renton's  work  was  completed.  The  strain  of  the  joint  in 
shear  is  measured  with  a  clip  compliance  gage  similar  to  that 
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commonly  used  in  crack  opening  displacement  studies.  It  is 
placed  in  the  retaining  rail  grooves  (See  Fig  ,  7  3).  This 

gage  provides  a  direct  measurement  of  the  shear  displacement 
response  of  the  adhesive  by  the  tensile  loading  imposed  on  the 
adherends .  It  also  provides  a  method  for  recording  the  hyster¬ 
esis  and  permanent  set  of  the  joint.  This  gage  provides  the 
information  of  a  "zero-gage-length  extensometer"  (Ref.  34  ) 
but  is  more  resistant  to  the  testing  environments  and  thus  pro¬ 
vides  more  reliable  information. 

A  comparison  of  this  compliance  gage  measurement  of  load- 
deflection  history  to  the  response  predicted  by  the  MARC  finite 
element  stress  analysis  program  indicates  the  success  achieved 
in  predicting  the  displacements  of  a  model  joint.  As  seen  in 
Figure  74,  the  predicted  opening  of  the  saw  cut  under  load  agrees 
well  with  the  experimental  data.  This  agreement  indicates  that 
the  finite  element  analysis  has  correctly  calculated  the  stresses 
in  the  bondline  and  related  the  stress-strain  distribution  to  a 
measurable  quantity. 


5.3  Fatigue  Testing  Matrix 

Of  particular  interest  in  cyclic  testing  of  model  joints  is 
determining  the  fundamental  mechanisms  of  fatigue  in  structural 
adhesive  joints.  As  such,  the  emphasis,  therefore,  is  on  funda¬ 
mentals.  An  assessment  of  fatigue  mechanisms  and  failure  modes 
in  metal- to-metal  joints  was  made  over  a  range  of  loads  and  en¬ 
vironmental  conditions  experienced  by  modern  high  performance  air¬ 
craft.  The  fatigue  loading  was,  for  the  most  part,  constant  ampli¬ 
tude  in  order  that  the  results  might  be  integrated  with  those  of 
the  other  programs  with  the  intent  of  eventually  deriving  a  form 
of  "cumulative  damage"  model,  or  for  developing  a  methodology  for 
accurately  predicting  service  life  and  for  establishing  criteria 
for  accelerated  testing  of  bonded  joints  and  structures. 

The  model  joint  test  program  consisted  of  various  matrices 
of  static,  creep,  and  fatigue  tests  under  combinations  of  envir¬ 
onments  intended  to  isolate  and  determine  the  individual  and  com¬ 
bined  effects  of  load  level,  load  rate,  frequency,  duration, 
temperature,  and  moisture  content.  The  matrix  for  the  constant 
amplitude  fatigue  tests  of  the  model  joints  is  shown  in  Table  I  . 
The  test  program  was  specifically  structured  to  identify  failure 
mechanisms  and  changes  in  mechanisms. 
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Figure  73  Instrumented  Model  Joir.t 
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Table  MODEL  JOINT  CONSTANT  -  AMPLITUDE  FATIGUE  CYCLING  MATRIX 


5.4  Fatigue  Testing  Results 

Tables  2  and  3  summarize  most  of  the  cyclic  testing  con¬ 
ducted  in  this  program,  listing  the  pertinent  environmental  and 
loading  conditions  for  the  individual  model  joint  specimens, 
with  remarks  on  the  condition  of  the  specimens  after  test  com¬ 
pletion  (not  necessarily  to  failure) . 

Typical  load-deflection  (F  vs  5  )  histories  for  dry  and 
moisture-conditioned  model  joints  for  a  number  of  environmental 
and  loading  conditions  are  shown  in  Figures  75,  76,  and  77. 

There  are  several  important,  general  features  of  the  -response 
(output)  histories  of  the  model  joints  (see,  e.g.,  Kef.  35;  :  First, 
there  is  progressive  deformation  with  load  cycling,  somewhat  akin 
to  creep.  Second,  there  are  hysteresis  loops  showing  that  part 
of  the  deformation  is  recoverable.  Last,  the  slopes  of  the  curves 
(joint  stiffness)  decrease  with  load  cycling.  These  effects  are 
more  pronounced  for  the  wet  specimens  than  for  the  dry. 

Referring  to  the  schematic  in  Figure  78  representing  the 
output  response  history  for  a  sinusoidal,  tension-tension  input 
loading  function,  the  following  measurements  were  extracted, 
where  possible,  from  the  experimental  data:  the  "effective"  mod¬ 
ulus  or  stiffness  at  cycle  N,Kn,(N=0,  1,  Nf)  given  by  tan  0  N, 
the  slope  of  the  major  axis  of  the  hysteresis  loop  (assumed  to 
be  an  ellipse) ;  the  energy  dissipated  as  heat  in  the  Nth  cycle 
given  by  the  area  of  the  loop,  m ab ,  where  a  and  b  are  the 

semi-major,  and  semi -minor  axes,  respectively,  of  the  "ellipse", 
and  the  steady  creep  at  cycle  N  given  by  the  displacement^  n . 

During  the  course  of  data  reduction,  it  was  determined  that 
changes  in  these  parameters  between  the  Nth  cycle  and  the  first 
measurable  cycle,  viz.,  i  ’  w^ere  P  is  I,  A  or  ,  were 

generally  more  meaningful  than  the  corresponding  "absolute" 
components.  Accordingly,  the  succeeding  section  in  this  report 
deals  primarily  with  these  ratios,  including  the  stiffness  ratios, 
the  area  ratios  and  the  displacement  ratios. 

During  data  reduction  in  the  manner  described  above,  it  was 
discovered  that  the  first  few  (one,  two  or  three)  cycles  of  any 
output  response  history  were  usually  complicated  by  "shakedown" 
effects  associated  with  physical  aging  of  the  adhesive  (see  Sec¬ 
tion  5.42)  which  were  not  representative  of  the  material  response 
properties  required  as  input  parameters  for  the  stress  analysis. 


Table  2  TEST  HISTORIES  OF  DRY  FM-73M  MODEL  JOINTS  UNDER  CYCLIC  LOADING 


Maximum 

Cycles 

Typ* 

Joint 

Temp. 

Freq . 

Wave¬ 

strbss 

to 

of 

number 

°F 

Hz 

form 

psi 

fall 

failure 

4/ A- 6 

78 

0.017 

4500 

1 

C 

Rerun 

78 

0.017 

4200 

44 

c 

46A-8 

78 

0.017 

4100 

128 

c 

37A-9 

78 

0.017 

4200 

122 

c 

37A-10 

78 

0.017 

4200 

141 

c 

37A-11 

78 

0.017 

4200 

220 

NF 

Rerun 

78 

0.017 

4400 

200 

NF 

Rerun 

78 

0.017 

4600 

101 

NF 

Rerun 

78 

0.017 

4800 

8 

C 

31A-4 

78 

0  017 

4600 

1000 

NF 

Rerun 

78 

0.017 

4800 

114 

C 

31A-5 

78 

0.017 

4800 

450 

C 

52A-7 

-65 

0.017 

4800 

200 

NF 

Rerun 

-65 

0.017 

5000 

200 

NF 

Rerun 

-65 

0  017 

5200 

100 

NF 

Rerun 

-65 

0.017 

5400 

100 

NF 

Rerun 

-65 

0.017 

5600 

100 

NF 

Rerun 

-65 

0.017 

5800 

100 

NF 

Rerun 

-65 

0.017 

6000 

80 

NF 

Rerun 

-65 

0.017 

8000 

5 

C 

54A-6 

-65 

0.017 

7200 

98 

C 

52A-  8 

-65 

1. 

7200 

346 

C 

52A-9 

-65 

0.17 

7200 

75 

C 

49A-8 

-65 

l 

6000 

5719 

C/A 

49A-9 

-65 

0.  17 

L 

6000 

2434 

C 

37A-8 

78 

0.17 

n 

4800 

39 

8C-8 

78 

l. 

■ 

4800 

2871 

C/A 

8C-9 

-65 

0  17 

7200 

20 

C/A 

8C-10 

-65 

0  17 

1 

6000 

960 

C/A 

33A-4 

♦  140 

0  17 

4800 

2 

C 

33A-5 

♦  140 

0  17 

4000 

81 

c 

45A- 10 

♦  140 

0  017 

4000 

39 

c 

C9-4 

♦  140 

1 

I 

1 

4000 

319 

c 

29A-12 

♦  140 

1  . 

— TV. 

4000 

70 

c 

2  9  A  - 1 1 

♦  140 

0  17 

_n_ 

4000 

13 

c 

9C3 

RT 

1  . 

4800 

2119 

C/A 

3C12 

RT 

0.017 

4800 

51 

c 

3C8 

RT 

0  017 

_n_ 

4800 

5 

c 

*3C10 

RT 

t 

4000 

24.182 

A/C 

3C9 

RT 

0  17 

4800 

273 

C 

3C11 

RT 

0  17 

4000 

8410 

NF 

RT 

0  8 

.... 

20.537 

A 

12C7 

RT 

0  17/  8 

4000 

3415 

NF 

19.669 

NF 

27.795 

A 

*12C10 

RT 

1 

4000 

15.000 

NF 

*1 2C1 1 

RT 

l 

4000 

3010  . 

NF 

10.000 

NF 

*1 2CI 2 

RT 

1 

4000 

20.000 

NF 

41A3 

RT 

1  . 

4000 

17.369 

A 

41A10 

RT 

1  . 

4000 

512 

NF 

6.840 

•r 

12. 352 

NF 

6C5 

*1 

0  0001 

3090 

1 

NF 

49A1 1 

l62dF 

0  0001 

1950 

2 

NF 

8C12 

RT 

1 

2000 

2000 

40.1210 

SCI  3 

"I 

l 

3000 

164.410 

A 

ecu 

140  r 

l 

1000 

140°F 

1 

.... 

61 . 500 

NF 

13C7 

140°F 

1 

3000 

91 .750 

A 

13C9 

I40"f 

1 

2000 

551. 780 

NF 

1  3C8 

140°F 

l . 

4000 

1477 

NF 

13C10 

RT 

0.017 

.... 

11,805 

NF 

IC9 

RT 

1  . 

4000 

10.000 

NF 

1C8 

RT 

1  . 

4000 

10,000 

NF 

4C13 

RT 

1 

4000 

U  .  1  70 

F 

4C 1  2 

RT 

1 

4000 

12.600 

r 

4C11 

RT 

l 

h000 

15.001 

r 

4C10 

3" 

1 

40CC 

11  .'5" 

V 

/.r ?, 

RT 

1 

4000 

13.990 

r 

*  denotes  stiles  of  specimens  subsequently  adherend-et ched  for  optical  analysis 
of  adhesive  Interlayer 

A  •  Adhesive  C  •  Cohesive  F  -  Failure  NF  •  No  Failure 
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Table  3  TEST  HISTORIES  OF  WET  FM-73M  MODEL  JOINTS  UNDER  CYCLIC  LOADING 


Joint 

Time 

Temp 

number 

mo 

°F 

42A-4 

5.5 

78 

29A-6 

5.5 

78 

Cl-5 

6.5 

-65 

Cl-1 

6.5 

-65 

Cl-3 

6.5 

-65 

10C5 

140  r 

41A1 

140°F 

41A2 

140°F 

10C2 

9.0 

140°F 

43A1 

9.0 

140°F 

54A2 

9.0 

140°F 

43A2 

9.0 

140°F 

54A1 

9.0 

140°F 

42A2 

9.0 

140°F 

41A10 

9.0 

140°F 

42A1 

9.0 

140°F 

57A5 

9.0 

RT 

8C3 

9.0 

RT 

52A2 

9.0 

RT 

52A4 

9.0 

RT 

52A3 

9.0 

RT 

30A2 

RT 

30A7 

RT 

*30A8 

RT 

30A8 

130 

RT 

*3C5 

130 

RT 

3C6 

13.0 

RT 

7C3 

130 

RT 

*3C3 

130 

RT 

*1C2 

13  0 

RT 

18C1 

20.0 

RT 

18C2 

20  0 

RT 

16C5 

20.0 

RT 

16C3 

20  0 

RT 

1 7C6 

20.0 

RT 

16C6 

70  0 

RT 

4C4 

20.0 

140°F 

4C5 

20  0 

140°F 

14C6 

20.0 

140°F 

14C4 

20.0 

140°F 

14C2 

20.0 

140°F 

14C1 

20.0 

140°F 

1  7C4 

20.0 

140°F 

17C5 

20  0 

RT 

1  7C2 

20  0 

RT 

4C6 

28  0 

RT 

16C2 

28.0 

RT 

4C7 

28  0 

RT 

13C6 

28.0 

RT 

16C1 

28  0 

RT 

17C3 

28  0 

RT 

Maximum 


Freq.  Wave-  stress 
Hz  form  psi 

0.017  ~  4200 

0.017  4000 

0.017  6000 

0.17  6000 

1.0  6000 

1  3000 

1  3000 

1  2400 

1  2000 

1  2000 

1  2000 

1  2000 

1  2000 

1  2000 

1  2000 

0.0001  19$0 

1  2000 

0.017  3000 

1  3000 

1  3000 

1  3000 

1  3600 

1  3200 

1  3000 

1  3000 

1  3000 

1  3000 

1  3000 

1  3000 

1  3000 

1  3000 

1  3000 

1  3000 

1  3000 

1  3000 

1  3000 

1  2000 

1  2000 

1  2000 

1  2000 

1  2000 

1  2000 

0.017  2000 

0.017  2000 

0.017  3000 

1  2400 

1  2400 

1  2400 

1  2000 

1  2400 

1  2000 


Number  Type 

of  of 

cycles  failure 


3  C 

10  C 

21  C 

150  C 

1099  C 

PMF 

PMF 

PMF 

10,060  C 

5.000  NF 

10,000  NF 

240 
590 
3,590 

2  NF 

347,000 
11,805  NF 

10.000  NF 

1,760  NF 

2,020  lb  Static 

440  C 

16.680  A 

25,710  A 

27,498 

20,000  NF 

12.350  A 

13,340  A 

10,000  A 

15.000  A 

2.800  C 

1.368  C 

739  C 

900  NF 

600  NF 

300  NF 

91  C 

24  C 

C 

50  NF 

100  NF 

314  C 

83  C 

1493  NF 

108  C 

3,440 
1 . 480 
8,660 

1,9101b  Static 

1  ,  7751b  Static 

480.930  NF 


*  denotes  series  of  specimens  subsequent lv  adherend-et ched  for  optical  analysis 
of  adhesive  interlayer 

NF  -  No  Failure  PMF  -  Premature 
fail ure 


A  *  Adhesive 


C 


Oohesi ve 


F  -  Failure 


Figure  75  Load-Deflection  History  of  Wet  FM-73M  Model  Joint  (Sine  Wave  Loading) 
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Deflection  History  of  Dry  FM-73M  Model  Joint  (Sine  Wave  Loading) 


Thus,  the  first  "measurable”  cycle  was  used  as  the  initial  cycle 
in  the  data  reduction  of  the  aforementioned  ratios  rather  than 
the  chronological  first  cycle. 


5.4.1  Data  Reduction  and  Deductions 

5. 4. 1.1  Joint  Stiffness  Ratios,  Kfl/Ki 

For  the  dry  and  wet  FM-73M  model  joints  tabulated  in  Tables  2 
and  ^  the  stiffness  ratios  K^/K^  were  measured  (as  described 
above)  at  sufficient  number  of  N-values  to  establish  its  func¬ 
tional  dependence  on  the  various  environmental  parameters,  in¬ 
cluding  specimen  condition  (dry,  various  degrees  of  moisture 
conditioning)  load  level,  frequency  of  cycling,  and  temperature. 
Some  of  the  more  important  observations  and  conclusions  are 
presented  herein  as  "bullet"  statements: 

o  There  is  a  marked  variability  of  number  of  cycles  to  fail¬ 
ure  for  identical  conditions  of  about  a  factor  3  or  5  in 
many  cases. 

°  There  is  a  trend  in  the  failed  joint  data  showing  that 
the  total  time  under  load  is  more  important  than  the  num¬ 
ber  of  cycles,  N,  and  that  the  loading  wave  shape  (sinusoid¬ 
al,  square  wave)  makes  little  difference  within  variability 
limits  of  the  data.  Three  such  examples  are  cited  in  Table 
4  where  within  each  case,  failure  occured  after  the  same 
total  time  at  load  within  variability  of  the  data. 

o  From  the  dry  and  wet  series  of  four  sacrified  joints,  it 
will  be  shown  in  Section  6.5  that  the  effective  joint  stiff¬ 
ness  ratio  depends  mostly  on  (interfacial)  crack  advance 
(see  Fig  .  9  8  ) .  We  thus  establish  the  fact  that  the  joint 

stiffness  ratio,  K^/K^,  after  shakedown  is  a  good  measure 
of  crack  advance. 

o  The  rate  of  stiffness  change  with  number  of  cycles,  N, 
indicates  crack  growth  rate.  For  example,  from  data  plot¬ 
ted  in  Figure  79  ,  the  dry  and  9-months  wet  joints  exhibit 
significantly  different  crack  growth  rates,  with  the  dry 
joint  showing  essentially  zero  growth  rate  and  the  corres¬ 
ponding  wet  joint  showing  a  strong  growth  rate  dependence. 

The  growth  rates  may  vary  statistically,  but  the  slope 
rates  would  reflect  this  variation. 
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Table  4  TIME  UNDER  LOAD  DATA  FOR  SELECTED  FM-73M  MODEL  JOINTS 


Pre-test 

exposure 

condition 

Waveform 

Tenperature 

°F 

Maximum 

Stress 

psi 

Cycles 

To 

Failure 

Frequency 

hz 

Time 

Under 

Load 

Sec 

6000 

21 

0.017 

235 

Wet 

9  months 

/V-/ 

-65 

6000 

150 

0.017 

882 

6000 

1099 

0.017 

1099 

4000 

70 

1.0 

70 

Dry 

_n_ 

140 

30 

0.017 

76 

4800 

51 

0.017 

1647  avg. 

Dry 

KT 

5 

0.017 

273 

0.017 

1603 

°  A  consequence  of  this  is  that  for  a  constant  load,  fail¬ 
ure  of  the  joint  should  result  if  the  joint  stiffness  ratio 
has  dropped  by  a  given  amount,  the  latter  depending  on  the 
applied  load.  For  example,  for  the  data  plotted  in  Figures 
80  and  81,  if  the  joint  stiffness  ratio  decreases  to  ap¬ 
proximately  84%,  failure  results  as  indicated  by  the  ver¬ 
tical  arrow  (].)  after  the  data  point  under  consideration. 
Those  joints  that  did  not  achieve  this  decrease  in  stiffness 
ratio  did  not  fail.  This  is  indicated  by  the  horizontal 
arrow  (-♦)  after  the  data  point  under  consideration. 

°  There  does  not  seSm  to  be  a  large  difference  in  this 
(joint  failure)  level  as  a  function  of  water  content,  as 
is  observed  from  a  comparison  of  Figures  80  and  81. 

o  One  of  the  problems  in  this  joint  testing  effort  concerns 
the  small  range  of  loads  used.  If  (too)  high  loads  are 
used,  there  is  rapid  joint  failure  in  the  predominantly 
shakedown  phase  (see  Section  5.4.2)  ,  and  if  (too)  low  loads 
are  used,  it  takes  an  inordinately  long  time  to  complete 
each  test  in  a  reasonable  period  of  time,  especially  under 
the  conditions  of  the  extensive  range  of  parameters  in  the 
test  matrix  (see  Tables  2  &  3) .  The  crack  growth  rate  is  a 
high  power  of  the  stress  intensity  and  hence  load  level. 

°  The  effect  of  temperature  on  joint  stiffness  ratio  is 
displayed  in  Figure  82  comparing  (9  months)  wet  joints  at 
two  temperatures,  viz.,  140°F  and  75°F,  other  conditions 
remaining  constant.  In  general,  increasing  the  tempera¬ 
ture  decreases  the  joint  stiffness  ratio  and  joint  life¬ 
time  as  seen  in  Figure  82,  a  replot  of  Figure  83  with 
additional  data  on  semilog  scale. 

o  The  effect  of  moisture  content  on  joint  stiffness  ratio 
is  hown  in  Figure  84  comparing  data  sets  for  dry,  9  months- 
13  months-  and  20  months-moisture  conditioned  joints  all 
tested  at  1Hz  and  75°F.  Within  variability  of  the  data, 
increasing  the  moisture  content  decreases  the  joint  stiff¬ 
ness  ratio,  and  subsequently  joint  life  time. 

From  Figure  98,  it  is  not  unreasonable  to  conclude  that, 
within  experimental  error,  the  observed  stiffness  changes  in  the 
experimental  load-deflection  histories  can  be  accounted  for  as 
due  almost  entirely  to  interface  crack  propagation  or  debond 
leng th . 
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Stiffness  Ratio  vs  Number  of  Cycles  for  Wet  FM-73M  Model  Joints  (2) 


1.00 


Stiffness  Ratios  vs  Number  of  Cycles  for  Different  Moisture  Conditions 


o  The  effective  joint  stiffness  ratio  decreases  with 
decreasing  (maximum)  load  level  as  shown  in  a  typical 
example  (Fig  .  8  5  )  of  9-months  conditioned  wet  joints 

tested  at  1Hz  at  75°F. 

°  In  general,  it  is  observed  that  increased  load  level, 
temperature  and  moisture  content  all  shorten  joint 
lifetime;  and  the  effect  of  frequency  is  reflected  in 
the  total  time  the  joint  is  under  load. 

°  Use  is  made  of  estimates  of  stress  intensity  at  joint 
failure  for  a  number  of  representative  testing  condi¬ 
tions.  These  are  based  on  the  assumption  that  a  crack 
length,  a,  can  be  estimated  from  the  stiffness  ratio 
at  failure  assuming  that  the' corresponding  stiffness 
ratio  is  ostensibly  due  to  interface  crack  propagation 
as  is  shown  in  Section  6.5  for  the  case  of  the  sacrifi¬ 
cial  dry  and  wet  joints  after  post-test  examination  of 
the  adhesive  interlayer  after  adherend  removal  by  acid 
etching.  Such  a  calculation  is  shown  in  Figure  97  for 
a  particular  joint  condition,  viz. ,  dry  joint  tested 
at  1  Hz  at  75°F  under  1500  lb.  max.  From  Figure  86  , 
failure  after  164,410  cycles  corresponds  to  a  stiffness 
ratio  of  707,,  which  in  turn  corresponds  to  a  crack  length 
of  0.17  inches.  'Jhe  corresponding  predicted  stress  in¬ 
tensity  is  F- a  1  which  for  this  case  is  618  psi.  in . % 

A  plot  of  load, F,  versus  crack  length,  a,  predicted  in  this 
manner  for  a  number  of  joint  testing  conditions  both  for  failed 
and  unfailed  joints  is  presented  in  Figure  87 •  (The  unfailed 

points  are  labelled  with  a  horizontal  arrow  thus  "  - *  ".  The 

solid  line  is  drawn  in  for  comparison  purposes  and  represents 
the  relation,  F~a“^,  which  is  characteristic  of  the  fracture 
behavior  of  metals.  It  is  of  interest  to  note  that  the  unfailed 
points  lie  below  this  F~  a-%  line.  On  the  basis  of  the  experi¬ 
mental  data  points  plotted  in  Figure  87  ,  the  function  form  for 
the  model  joints  is  approximately  given  by  the  relation  F~a~0  :5-) 
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Figure  87  Load  vs  Inferred  Crack  Length  for  Various  Test  Conditions 


5. 4. 1.2  Hysteresis  Energy  Dissipation  Ratios,  An/A^ 


For  the  dry  and  wet  FM-73M  model  joints  tabulated  in 
Tables  2  and  3,  the  energy  dissipation  ratios,  measured  by 
the  corresponding  hysteresis  loop  area  ratios,  were  calculated 
to  establish  the  functional  dependence,  if  possible,  on  the 
various  environmental  parameters.  The  following  generalizations 
are  made  on  the  basis  of  analysis  of  these  measurements : 

•  Both  area  ratio  decreases  and  area  ratio  increases  up  to 
approximately  407o  were  observed,  with  increases  occurring 
in  approximately  two- thirds  of  the  cases.  No  clear  rela¬ 
tionships  could  be  established  from  this  data.  This  may 
not  be  too  surprising  since  the  energy  dissipated  in  the 
fracture  process  is  too  small  a  portion  of  the  energy 
measured  and  the  variability  of  data  is  somewhat  high  as 
mentioned  earlier. 

•  Since  the  area  of  an  individual  hysteresis  loop  may  be  of 
the  order  of  10%  of  the  energy  required  for  crack  propa¬ 
gation  and  the  temperature  at  the  crack  tip  is  not  really 
known,  it  is  not  clear  at  this  time  on  how  to  interpret 
the  area  data  even  if  the  variability  in  data  could  be 
reduced.  Possibly  measurements  of  the  temperature  in  the 
crack  tip  area  with  a  thermographic  camera  might  be  helpful 
in  interpreting  this  data. 

5.4. 1.3  Creep  Ratio  Measurements,  6n  Ai- 

For  the  dry  and  wet  FM-73M  model  joints  tabulated  in  Tables 
2  and  3,  the  ratio  of  steady  state  creep,  ^  N  /  i »  were  obtained. 
Figure  SS  represents  the  steady  creep  rate  ( ft  vs  N  )  on  which  the 
cyclic  deformations  must  be  superposed.  We  note  that  data  on 
specimens  identified  at  1,  2,  and  3  have  reasonably  close  creep 
rates.  These  correspond  to  the  sacrificial  unfailed  specimens  at 
10K,  15K,  and  20K  cycles  discussed  in  Section  6.3. 

Specimen  4  had  twice  the  creep  rate  and  failed  at  27. IK 
cycles  with  a  crack  length  larger  than  any  of  1,  2,  and  3.  While 
a  part  of  the  increase  in  the  average  creep  rate  can  be  accounted 
for  (10-20%)  by  a  larger  crack  growth  rate,  this  is  not  enough  to 
account  for  that  great  a  difference.  We  are,  therefore,  led  to 
conclude  that  material  variability  should  account  for  the  balance. 
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5.4. 1.4  Effect  of  Stress  Level  on  Creep  Rate 

It  has  been  determined  that  different  stress  levels  pro¬ 
duce  different  time  responses  in  the  compliance  of  the  model 
joint,  as  measured  by  the  joint  displacement,  8  ,  per  unit  bond¬ 
line  thickness,  per  unit  stress  level,  r  ,  as  shown  in  Figure  89. 
Within  repeatability  (variability)  of  the  data,  the  joint  com¬ 
pliance  curves  are  shiftable  through  a  stress  dependent  shift 
factor,  <f>T  ,  as  shown  in  Figure  90.  This  indicates  that  at 
sufficiently  high  stress  levels,  the  viscoelastic  response  of 
the  model  joint  depends  on  the  stress  level  which  is  a  typical 
characteristic  of  one  type  of  nonlinear  viscoelastic  behavior 
of  the  adhesive. 


5.4.2  Material  Shakedown 

•  The  phenomenon  of  material  shakedown  is  observed  in  load- 
deflect  characteristics  of  the  model  joint  and  of  neat 
coupons  of  the  adhesive,  and  in  measurements  of  thermal 
expansion  coefficient,  ctj,  (cyclic  Tg  measurements),  and 
possibly  in  moisture  swelling  studies. 

•  Physical  aging  takes  place  in  these  materials  which  mani¬ 
fests  itself  in  changed  response  on  repeated  "exercising" 
thereof.  (Ref.  36  ). 

•  We  see  evidence  of  this  in  repeated  cyclic  loading  (not 
superposed  creep  on  cyclic  load)  in  that  the  first  two 
or  three  cycles  give  rise  to  measurably  different  re¬ 
sponse  characteristics.  This  difference  is  invariably 
such  that  the  area  contained  in  the  corresponding  hyster¬ 
esis  loop  finally  decreases  to  a  more  or  less  steady  value. 
We  consider  that  it  is  very  well  possible  that  this  arises 
from  a  compacting  of  the  molecule  structure  of  the  adhe¬ 
sive  material  from  the  configuration  into  which  it  was 
originally  cured. 
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SECTION  VI 


POST-TEST  EXAMINATION 


6.1  Optical  and  SEM  Analysis  of  Failed  Joints 

One  of  the  more  direct  techniques  of  studying  fatigue  failure 
mechanisms  in  bonded  joints  is  the  use  of  the  optical  microscope 
and  the  scanning  electron  microscope  (SEM)to  interrogate  the  nature 
and  topography  of  the  failed  joint  surfaces. (e.g.,  Refs.  36  to  39). 

The  different  techniques  of  viewing  with  the  optical  micro¬ 
scope,  including  dark  field  illumination,  bright  field  illumi¬ 
nation  and  viewing  in  transmitted  light,  are  used  to  advantage 
in  studying  fatigue  degradation  in  bonded  joints. 

Photomicrographs  were  obtained  with  a  JEOL  Model  JSM-35 
Scanning  Electron  Microscope  operating  at  20  kv.  The  specimens 
of  failed  surfaces  were  carefully  cut  with  a  wafering  saw  to 
approximately  lxl  cm^  and  fastened  to  SEM  mounting  pegs  with 
adhesive-coated,  conductive  copper  tape.  To  enhance  conductiv¬ 
ity,  a  thin  (~20oX)  film  of  Au/Pd  alloy  was  vacuum  evaporated 
onto  the  samples.  Photomicrographs  were  generally  taken  with 
the  samples  inclined  at  some  specified  angle  to  the  incident 
electron  beam,  usually  about  20°. 

The  SEM  was  used  in  the  normal  mode  -  secondary  electron 
(emissive)  -  for  which  uniform  illumination  permits  viewing  into 
holes  and  crevices,  and  in  the  backscattered  electron  (reflec¬ 
tive)  mode  which  is  analogous  to  oblique  illumination  and  espec¬ 
ially  useful  for  topography  studies. 

Optical  studies  of  failed  surfaces  of  FM-73M  model  joints, 
both  dry  and  those  conditioned  to  approximately  9  months  at  150  F 
and  1007o  (condensing)  R.H.,  show  two  quite  similar  general  fea¬ 
tures  of  failure,  but  with  some  important  differences. 

One  general  feature  consists  of  an  apparent  primarily  ad¬ 
hesive  failure  zone  emanating  from  the  high  stress  region  of 
the  overlap,  the  so-called  load-transfer  edge,  (see  for  example, 
Fig.  91  ).  This  "adhesively  failed"  region  is  variously 
referred  to  as  the  "slow  crack  growth"  region  or  the  "fatigue- 
failed"  zone  and  because  of  edge  effects  arising  from  the  finite 
one-inch  width  of  the  overlap,  it  takes  on  a  fingernail  appearance 


as  shown.  The  "nissing"  material  in  the  top  portion  of  Figure 
9  1  constitutes  the  "slow  failed  zone"  on  the  other  not  shown 
(mate)  adherend. 

The  second  general  feature  of  the  failed  joint  surface 
consists  of  the  primarily  cohesive  failure  zone  between  the 
aforementioned  two  symmetric  slow  failed  regions.  This  "co¬ 
hesively-failed"  zone  is  also  referred  to  as  the  "fast  crack" 
zone  or  the  "statically  failed"  region,  and  occurs  in  the  scrim 
plane  midway  between  the  two  adherends  (labelled  CC^  in  Fig.  91)  . 

The  above-described  two  distinct  features  of  FM-73M  bonded 
joint  failed  surfaces  are  much  more  pronounced  in  the  dry  joint 
than  in  the  wet  joint.  In  the  wet  specimens,  the  "slow  growth" 
zone,  although  still  discernible,  generally  appears  interspersed 
with  small  cohesive  failure^  regions  ,  and  extends  over  only  a 
much  shorter  distance  from  the  high  stress  edge,  (See  Fipr.  91) 

The  second  feature  of  the  wet  failed  joint  surface,  viz., 
the  cohesively  failed  zone,  extends  over  a  correspondingly 
larger  area  than  for  the  dry  specimen,  but  also  reveals  some 
adhesive  failure  regions  which  dot  the  primarily  cohesive  failure 
region.  This  same  topography  is  observed  in  dry  specimens 
fatigued  at  low  frequency  (0.17  Hz)  and  at  high  temperature 
(140°F). 

As  the  stress  level  is  reduced,  the  size  of  the  inter¬ 
facial  delamination  region  increases.  Correspondingly,  the 
number  of  cycles  to  failure  increases  with  decreasing  load, 
as  expected.  The  "slow  crack  growth"  region  also  decreases 
with  decreasing  frequency  of  cycling.  For  example,  the  low 
frequency  failures  (at  0.17  Hz)  exhibit  only  a  very  snail 
"slow  crack  growth"  region,  with  the  failed  surfaces  appearing 
to  fail  almost  entirely  in  the  cohesive  mode, 
mode . 


The  above  observations  are  in  accord  with  those  of  another 
study  on  model  joints  by  Marceau  et  al.  (Ref.  7  )  which  dis¬ 
cusses  two  fracture  modes  observed  for  slow  and  fast  cycling 
as  depicted  in  Figure  93- 

SEM  examination  of  the  fatigue  fractured  zone  of  the 
FM-73M  adhesive  shows  a  mixture  of  adhesive-delamination  and 
cohesive  failure  occurring  in  the  fatigue-cracked  zone.  The 
statically  failed  region  consists  of  a  cohesive  matrix  failure 
with  tearing  away  from  the  randomly-oriented  reinforcing  Dacron 
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Figure  92  Crack  and  Craze  Loci  in  FM-73M  Model  Joint  Interlayer 
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Figure  93  Failure  Mode  Characteriitics  of  Model  Joints 
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fibers.  There  is  a  difference  in  the  texture  of  the  inter¬ 
facial  failure  in  the  slow  (fatigue)  and  fast  (static)  crack 
growth  zones  as  shown  in  Figures  94a  and  94b  .  The  texture 
of  the  fast  crack  zone  shows  a  large  portion  of  tear  failures 
which  progress  into  the  interior  of  the  adhesive  thickness. 

Extremely  high  magnification  (10.000X)  SEM  examination  of  the 
slow  crack  growth  surface  (Fig.  113  a  )  does  not  reveal  any  of 
the  fatigue  striations  commonly  found  in  metal  fractures. 

This  is  also  noted  by  Sutton  (Ref  .  40).  However,  it  is 

possible  that  the  thin  sputtered-gold  coating,  vacuum-deposited 
uniformly  on  the  non-conducting  adhesive  surface  during  sample 
preparation  for  SEM  analysis,  does  not  highlight  fatigue  stria¬ 
tions  in  the  same  manner  as  does  chromium- shadowing  used  in 
transmission  electron  microscopy.  Thus  fatigue  striations  may 

be  present  but  another  technique  would  have  to  be  used  to  dis-  i 

play  them. 

SEM  analysis  of  the  matrix  material  surrounding  the  rein¬ 
forcing  fibers  in  the  cohesively  failed  region  (Fig.  113b) 
show  many  small  nucleating  dimples  on  the  matrix  surface  and 
tear  ridges  adjacent  to  the  Dacron^  fibers. 


6.2  Direct  Measurement  of  Crack  Growth 

Attempts  to  monitor  adhesive-delamination  crack  growth 
optically  while  fatigue  testing, as  in  da/dN  measurements  for 
metals,  proved  unsuccessful,  even  with  a  45X  Gaertner  creep 
microscope.  Since  the  bondline  is  loaded  primarily  in  shear, 
the  crack  opens  up  very  little,  and  it  is  difficult  to  discern 
the  crack  tip  from  the  junction  of  the  adhesive  and  adherend. 
Use  of  red  penetrant  dye-check  to  accentuate  the  fatigue  crack 
with  cycling  also  proved  unsuccessful;  the  penetrant  bled  along 
the  glue  line  resulting  in  erroneous  readings. 


6.3  Optical  Analysis  of  Adhesive  Interlayers  After 
Adherend  Removal  by  Etching 

A  relatively  simple  technique  of  studying  fatigue  damage 
mechanisms  in  the  adhesive  interlayer  of  bonded  joints  involves 
removal  of  the  adherends  after  fatigue  cycling  as  follows-  a 
series  of  initially  "identical"  bonded  joint  specimens  are 
cycled  to  progressively  larger  total  number  of  cycles,  including 
failure.  The  bonded  joints  are  subsequently  sacrificed  to  remove 
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B  95  SEM  Photomicrographs  of  Failed  Surface  of  FM-73M  Model  Joint 


intact  the  corresponding  adhesive  interlayers.  This  is 
accomplished  by  removal  of  the  aluminum  by  concentrated 
(12N)  hydrochloric  acid  in  the  overlap  area,  leaving  bare 
the  corresponding  adhesive  interlayer.  The  intact  adhesive 
interlayer  contains  a  permanent  record  of  the  progressive 
fatigue  damage  sustained  during  joint  cycling  and  can  be 
examined  afterwards  by  suitable  analysis  techniques  to  extract 
information  on  the  operative  fatigue  degradation  mechanisms. 

This  technique  is  especially  valuable  in  studies  involving 
translucent  adhesives,  such  as  FM-73M,  which  can  readily  be 
interrogated  optically  by  transmission  microscopy  to  elucidate 
on  damage  features  on  both  the  exposed  surfaces  and  at  various 
depths  within  the  volume  of  the  interlayer. 

The  adherend  etching  technique  reveals  internal  "crazing" 
within  the  volume  of  the  delamination  zone  along  the  scrim  plane 
initiating  at  the  high  stress  edge.  These  internal  cracks  are 
not  necessarily  continuous,  with  some  isolated  cracks  forming 
in  advance  of  the  coalesced  internal  crack  front  (see,  for 
example  ,  Fig  .  91)  . 

SEM  examination  of  the  interfacial  delamination  zone  above 
the  zone  of  internal  crazing  in  the  dry  joint  does  not  reveal 
any  evidence  of  fracture  topography  directly  relatable  to  the 
random  internal  cracking  occurring  below  it. 


6. A  Effect  of  Cycling  Duration  and  Humidity 

By  sacrificing  a  number  of  joints  in  a  series  of  fatigue 
experiments  maintaining  constant  conditions  but  varying  the 
number  of  cycles,  N,  the  progression  of  the  internal  damage 
initiating  from  the  high  stress  edges  of  the  overlap  can  be 
permanently  recorded  and  studied.  In  fact,  the  condition  of 
the  internal  damaged  region  just  before  failure  can  be  estimated 
from  observation  of  the  portion  of  the  interlayer  on  the  adjacent 
side  of  the  slot  to  the  failed  region  which  is  subjected  to 
similar  stresses. 

A  distinction  is  made  here  between  the  adhesive-delamina¬ 
tion  zone,  (pronounced  in  the  dry  specimens  and  characterized 
as  the  fingernail  feature  herein  and  by  Marceau  et  al.  (Ref.  7). 
and  the  internal  cracking  phenomenon  in  the  matte  serin  plane 
within  the  interlayer  volume  (quantified  herein  as  the  inter¬ 
nal  damage  zone) .  Both  originate  at  the  edge  of  the  joint  and 
proceed  toward  the  center  of  the  overlap,  but  apparently 
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at  different  rates  depending  on  whether  the  joint  is  wet  or  dry. 
In  the  dry  joint,  the  two  dimensions  appear  about  the  same, 
but  the  fingernail  feature  is  much  smaller  than  the  internal 
damage  zone  in  corresponding  wet  joints.  The  reasons  for  this 
are  as  yet  unknown. 

Analysis  by  transmission  microscopy  of  adhesive  interlayers 
from  "identical"  dry  and  wet  FM-73M  model  joints  cycled  at  1  Hz 
at  75°C  to  N  values  of  10,000,  15,000,  and  20,000  cycles  and  to 
failure  show  the  extent  of  internal  damage  as  testing  progresses 
(Fig.  A64  through  A6  7  show  the  results  for  the  "dry"  series) 

Measurements  of  the  advancing  internal  damage  length,  with 
error  bars  are  plotted  in  Figure  96  against  the  respective  N 
values  for  these  two  series  of  sacrificed  joints.  The  cor¬ 
responding  fitted  curves  have  shapes  similar  to  da/dN  behavior 
observed  for  fatigue  crack  propagation  in  metals.  As  expected, 
the  damage  is  larger  for  the  wet  joint  than  for  the  dry  joint 
at  the  same  N  value. 


6.5  Discussion/Deduction 

A  comparison  is  now  made  of  the  joint  stiffness  predicted 
by  the  stress  analysis  (see  Section  4.2.5)  with  that  measured 
from  the  load-deflection  (F-  6  )  curves  for  each  set  of  the 

aforementioned  four  dry  and  wet  sacrificial  joints.  The 
comparison  involves  the  ratio,  K^/K.  of  joint  stiffness  at 
the  last  cycle  (just  prior  to  adnerertd  etching)  and  the  "initial" 
cycle  of  loading. 

From  the  measured  load-deflection  (F-  8  )  histories  of  the 
(sacrificed)  joints,  the  effective  stiffness  at  any  cycle  of 
loading  is  the  slope  of  the  major  axis  of  the  (approximately) 
elliptical  hysteresis  loop.  Thus,  the  appropriate  stiffness 
ratio  after  the  Nth  cycle  is  simply  the  ratio  of  the  slope  of 
the  major  axis  of  the  Nth  loop  to  that  of  the  initial  loop. 

Such  an  analysis  of  the  experimental  load-deflection  curves  for 
one  case  of  (sacrificed)  model  joint  (viz.,  N=20  K  cycles,  wet 
joint)  is  shown  in  Figure  97.  Plots  with  estimated  error  bars 
of  these  stiffness  ratios  and  the  corresponding  crack  lengths 
for  the  complete  sets  of  four  measurements  for  each  of  the  dry 
and  wet  joints  are  shown  in  Figure  9  6  .  Table  V  provides 
the  measured  (after  adherend  etching)  delamination  or  debond 
length  and  stiffness  ratios.  A  replot  of  the  ratios  obtained 
from  the  MARC-predicted  stiffness  analysis  through  four  selected 
crack  lengths  is  shown  as  the  solid  curve  in  Figure 
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From  Figure  9  8,  it  is  not  unreasonable  to  conclude  that, 
within  experimental  error,  the  observed  stiffness  changes  in 
the  experimental  load-deflection  histories  can  be  accounted  for 
as  due  almost  entirely  to  interface  crack  propagation  or  debond 
length. 


6.6  Stiffness  of  Center-Cracked 
Test  Specimen 


A  comparison  was  made  of  the  normalized  stiffness  ratios 
versus  crack  length  derived  experimentally  and  analytically  for 
a  FM-73M  center-notched  fracture  energy  specimen  (see  Fig. 

3  ).  A  sinusoidal  load  with  stress  ratio,  R,  of  0.05  was 

applied  to  the  specimen,  the  crack  length  was  read  after  the 
completion  of  each  cycle  and  the  corresponding  load-displace¬ 
ment  (F  vs .  8  )  history  was  recorded  on  the  X-Y  plotter.  Such 
a  typical  history  is  shown  in  Figure  99.  The  effective  stiff¬ 
ness  (as  measured  by  the  slope  of  the  semi  -maj  or  axis)  was  deter¬ 
mined  for  each  cycle  and  then  normalized  with  respect  to  the 
slope  of  the  first  cycle  to  yield  the  stiffness  ratios,  K^/K^, 
plotted  as  the  sixteen  experimental  points  in  Figure  100. 

The  stiffness  of  this  fracture  energy  specimen  geometry 
was  then  calculated  as  a  function  of  crack  length,  2a,  using 
the  relationship  for  the  center-notched  geometry  derived  in 
Reference  41.  Referring  to  Figure  3  ,  the  stiffness,  K,  of 
this  fracture  energy  specimen  is,  by  definition, 


K=  F/  A  total’ 

where  F=  applied  load  and  V  _  . 

total 


total  displacement. 


(3) 


For  displacements  at  points  far  removed  from  the  center 
(h/b  >  3)  and  taking  into  account  the  presence  of  a  center  crack, 
the  total  displacement,  is  the  sum  of  the  displacement  of 

the  crack  and  the  displacement  of  the  specimen  without  a  crack 
and  is  given  by: 


^  total 


A 


crack 


+  \ 

no 


crack 


4  <r  a 
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V2(  a/b  )  +  ~  2  h 


(A) 


where  or  =stress,  a  =  half  crack  length,  E  =  Young's  modulus, 
h  = gage  length,  b  =  half  width,  and  V2(a/b)  =  1.071  +  0.250 
(a/b)  -  . 357 (a/b) 2  +  ,121(a/b)3  -  .047(a/b)4  +  .008(a/b)5 
-  1 . 071 (b/a)  In  (1-a/b)  . 


Substituting  Equ . (4)  into  Equ.  (3)  and  rearranging  yields 


4  aV  2  ( a  /  b  ) 


+  2  h]_1. 


I  4  h 


K  =  AE 


(5) 
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Figure  98  MARC  Predicted  and  Experimental  Joint  Stiffness  Ratios  vs  Debond  Length 
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Figure  100  Comparison  of  Experimental  and  Analytical  Stiffness  Ratios  for  Fracture 
Energy  Specimen 


Normalizing  these  values  at  various  crack  lengths  to  the 
stiffness  at  zero  crack  length  gives  the  "calculated"  smooth 
curve  shown  in  Figure  100.  A  comparison  of  the  measured  and 
calculated  stiffness  ratios  shows  good  agreement,  again  support¬ 
ing  the  conclusion  reached  in  the  case  of  the  model  joint  geom¬ 
etry  that  within  experimental  error,  the  stiffness  ratio  changes 
can  be  accounted  for  entirely  by  crack  propagation. 


6.7  XPS  Surface  Analysis  of  Failed  Joints 

Detailed  physical  and  chemical  surface  characterization  of 
failed  adhesively  bonded  joints,  guided  by  qualitative  fracture 
mechanics  theory,  constitutes  a  semi-empirical  method  to  elucidate 
adhesive  bonding  phenomena,  including  failure  modes  and  mechanisms 
(see  for  example,  Refs.  36  and  37  ).  Inherent  flaws , inter¬ 
facial  separation,  viscoelastic  and  plastic  responses,  and 
crazing  and  crack  propagatibn  are  the  main  factors  governing  over¬ 
all  bond  strength  and  behavior.  Surface  analyses,  by  SEM  and  XPS 
(also  known  as  ESCA  or  Electron  Spectroscopy  for  Chemical  Analysis) 
provide  an  estimate  of  the  nature  and  extent  of  each  mechanism. 

In  an  XPS  spectrometer,  a  source  of  high  energy  X-rays  in 
the  range  of  a  few  keV  is  used  to  excite  inner-shell  electrons 
of  sample  atoms  in  a  high  vacuum.  Each  inner-shell  electron  has 
a  binding  energy  unambiguously  defining  its  specific  parent  atom 
in  a  molecule.  The  XPS  spectrometer  measures  the  kinetic  energy, 
Ekin »  of  the  ejected  electrons  and  produces  a  spectral  plot  of 
the  electron  intensities  at  binding  energies  in  the  0  to  1  keV 
range  by  subtracting  E^^n  from  the  energy  of  the  incident  X-ray 
photos,  h  v  .  Qualitative  identification  of  the  atoms  associated 
with  observed  binding  energies  is  obtained  from  tables  listing 
the  multiple  binding  energies  for  each  atom.  In  addition  to  the 
elemental  composition  of  the  sample,  the  XPS  spectra  show  chem¬ 
ical  shifts,  giving  the  chemical  state  of  the  atoms  and  molecular 
structure  information. 

A  modest  program  of  surface  analysis  of  failed  model  joints 
was  initiated  at  Spectro  Chemical  Research  Laboratory  (SCRL) , 
Houston,  TX,  and  at  Materials  Laboratory,  LTV  Aerospace  Corp . , 
Dallas,  TX,  using  in  each  case  a  Model  548  XPS  system  by  Physical 
Electronics  Industries. 

The  failed  surfaces  of  the  wet  and  dry  model  joints  of 
FM-73M  were  carefully  sectioned  into  two  pieces  each  of  approxi¬ 
mate  size  %"  x  V  using  a  precision  microwafering  saw.  The 
adhesive  interlayers  obtained  after  adherend  etching  and  the 
neat  adhesive  specimens  were  carefully  sectioned  to  the 
above-mentioned  mounting  size.  All  specimens  were  mounted  in 
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the  twelve-place  carousel  sample  holder  with  a  gold  reference 
standard . 


Figs.  101,  A68,  Ab9 ,  and  A70  snow  only  some  of  the  original 
N(E)  vs.  Binding  Energy  traces  obtained  for  these  surfaces.  All 
XPS  spectra  display  the  ever-present  0is,  N^s  ,  and  C^s  peaks  char¬ 
acteristic  of  eopxy  resins  (see  also  Ref.  23),  among  others.  The 
appearance  of  the  Si  peaks  in  the  dry,  neat  FM-73M  (Fig.  101)  is 
unexplained  at  this  time. 

The  XPS  spectra  of  the  FM-73M  adhesive  interlayer,  Fig 
A69  and  A70,  shot*  some  interesting  details.  Both  the  unsputtered 
and  sputtered  spectra  display  Cl  peaks,  probably  due  to  the  HC1 
etchant.  In  addition,  the  sputtered  adhesive  interlayer  spectrum 
(Fig.  A70  )  shows  A1  peaks,  which  upon  high  resolution  are  identi¬ 
fied  with  the  oxide  of  aluminum,  rather  than  to  metallic  aluminum 
itself.  This  is  tentatively  attributed  to  a  portion  of  the  oxide 
layer  produced  on  the  A1  adherend  during  the  phosphoric  acid 
anodize.  Evidently,  some  of  this  oxide  remained  on  the  adhesive 
interlayer  after  the  adherend  etching  process.  Its  absence  in 
the  unsputtered  interlayer  spectrum  (Fig  .  A69  )  is  probably 

due  to  a  contaminant  overlayer  on  the  interlayer  surface. 


6.8  Chemical  Aging  in  Moisture-Conditioned  FM-73M 
Adhesive  Interlayers 

The  XPS  surface  analysis  technique  was  used  to  study 
possible  chemical  aging  effects  occurring  in  moisture-con¬ 
ditioned  FM-73M  adhesive  interlayers  between  glass  adherends 
used  for  monitoring  moisture  ingression  in  bonded  joints. 

Three  different  adhesive  conditions  were  examined:  the 
straw-colored  dry  FM-73M  interlayer  (control  specimen) ,  the 
straw-colored  central  portion  of  the  wet  (21-month  conditioned) 
FM-73M  interlayer,  and  the  much  darker- (almost  brown)  colored 
edge  portions  of  the  same  wet  FM-73M  interlayer.  These  are 
identified  in  Fig  .  102  and  on  the  corresponding  XPS  spectra 

titles  as  "dry",  "wet  central",  and  "wet  edge",  respectively. 

For  each  of  the  above-mentioned  three  different  adhesive 
conditions,  the  following  XPS  spectra  were  recorded:  the  norma], 
broad  band,  N(E)  vs.  Binding  Energy,  spectrum  over  1  kv  F.^  •  o 
for  three  cases  ,  viz.,  adhesive  surface  "as  is"  after  removal 
of  the  glass  adherends,  and  then  after  two  Argon  ion  sputtering 
sessions  resulting  in  removal  of  approximately  800  A  per  10  min¬ 
ute-session.  In  addition,  a  number  of  high  resolution  (i.e., 
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narrow  band)  spectra  were  recorded  in  the  vicinity  of  the  0^s 
and  Cis  regions  for  chemical  binding  details. 

All  the  broad  band  XPS  spectra  display  the  ever-present 
0]s  ,  C^s,  lines  characteristic  of  epoxy  resins  (see  also 
Kef.  23),  among  others. 

The  high  resolution  (narrow-band)  spectra  (Figs.  103 
and  A7X)  for  the  three  conditions  show  a  progressive  chemical 
shift  of  the  same  magnitude  of  the  O^g  and  C^s  peaks  all  in 
the  same  direction  towards  higher  binding  energies ,  in  going 
from  the  dry,  to  wet  central,  to  wet  edge  conditions.  This 
implies  a  chemical  change  involving  the  0-C  group. 

Sputtering  of  the  surface  layers  of  all  three  condi¬ 
tions  of  specimens  does  not  reveal  any  additional  information 
about  the  state  of  the  exposed  surfaces.  The  appearances  of 
Si,  Sn,  A1 ,  and  Mg  peaks  in  the  region  Eg-  260  ev  in  the  spectra 
of  the  sputtered  interlayers  (see,  for  example,  Fig.  A  72  )  is 
a  result  of  the  higher  count  rate  used  in  accumulating  the  data. 
These  peaks  are  probably  also  present  in  the  unsputtered  spectra 
taken  at  lower  count  rate.  All  of  these  peaks,  with  the  possible 
exception  of  the  Sn  peak,  may  be  attributable  to  the  filler  ma¬ 
terial  used  in  the  formulation  of  the  adhesive  tape.  The  Sn  peak 
may  possibly  be  due  to  tin  laurate  commonly  used  as  an  accelarator 
in  the  curing  process. 

On  the  basis  of  the  chemical  shifts  observed  in  high 
resolution  XPS  data  reported  above,  it  may  be  concluded  that 
the  chemical  state  of  the  three  different  conditions  of  the 
adhesive  interlayer,  viz.,  the  dry,  the  wet  central  and  the 
wet  edge,  are  all  different.  The  precise  nature  of  this  chem¬ 
ical  change  is  as  yet  unexplained. 


SECTION  VII 


MODEL  DEVELOPMENT 


The  most  widely  accepted  theory  of  adhesive  joint  strength 
states  that  whatever  is  the  cause  of  interfacial  adhesion,  the 
strength  of  an  adhesive  joint  is  determined  by  the  mechanical 
properties  of  the  constituent  materials  of  the  joint  and  by  the 
local  stresses  set  up  in  the  joint  by  the  applied  loads,  whatever 
their  origins  may  be.  (Ref.  42  ). 


7 . 1  BULK  EFFECTS 

Stresses  set  up  in  the  adhesive  interlayer  may  arise  from 
a  number  of  different  mechanisms :  from  the  adhesive  curing  kin¬ 
etics  and  resultant  adhesive  shrinkage;  from  expansion  and  con¬ 
traction  of  the  adhesive  interlayer  due  to  moisture  absorption 
and  desorption,  respectively;  from  temperature  differentials 
between  the  metal  adherends  and  the  predominantly  dielectric  ad¬ 
hesive;  from  chemical  reactions  that  could  occur  between  moisture 
(absorbed  in  the  adhesive)  and  the  filler  material,  e.g.,  with 
Al  powder,  commonly  used  in  adhesives,  especially  at  high  tem¬ 
peratures;  from  swelling  in  water  of  resins  containing  imbedded 
crystals  of  various  ionic  and  non-ionic  substances  (see,  for 
example,  Ref.  43  );  and  from  temperature  excursions  in  the  adhe¬ 
sive  occurring  during  fatigue  cycling.  On  the  basis  of  the  afore¬ 
going,  it  is  apparent  that  two  important  general  considerations 
must  be  accounted  for  in  studying  fatigue  degradation  in  adhe¬ 
sively  bonded  joints.  First,  the  rheological  properties  of  the 
adhesive  material,  per  se.must  be  delineated  as  a  function  of  the 
important  ambient  environmental  parameters,  including  tempera¬ 
ture,  relative  humidity,  and  cyclic  loading.  Second,  the  dis¬ 
tribution  of  stress  in  a  bonded  joint  must  be  computed  and  anal¬ 
yzed  in  conjunction  with  the  ambient  environments  in  order  to 
predict  the  onset  of  joint  failure. 

One  of  the  difficulties  in  determining  moisture  degradation 
of  adhesively  bonded  joints  arises  from  geometry  effects.  Only 
a  small  portion,  namely  the  ends  and  sides,  of  the  adhesive 
material  of  a  joint  is  exposed  directly  to  moisture  which  dif¬ 
fuses  into  the  interior  of  the  adhesive  only  very  slowly.  Even 
after  exposure  to  moisture  over  a  fairly  long  period  of  time, 
only  a  relatively  thin  outer  portion  of  adhesive  is  plasti¬ 
cized  which  might  even  inhibit  further  moisture  ingression.  An¬ 
other  complicating  factor  is  the  parabolic  stress  distribution 
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along  the  lap  length  in,  for  example,  lap-shear  specimens  upon 
plane  stress  loading  as  predicted  by  the  well-known  Goland  and 
Reissner  relation  (Ref.  28  ).  This  gives  rise  to  the  most 
severe  stresses  at  the  ends  of  the  joint  so  that  the  center  por¬ 
tion  of  the  adhesive  contributes  very  little  to  the  total  load 
carrying  capacity  of  the  joint.  Unless  these  high  stresses  are 
relieved,  e.g.,  by  plastic  deformation,  local  brittle  fracture 
of  the  adhesive  can  occur.  A  crack  once  started  at  the  joint 
end  propagates  rapidly  and  can  result  in  brittle  failure  of 
the  entire  joint  at  a  relatively  low  average  stress  level,  below 
the  strength  of  the  adhesive,  unless  plastic  or  viscoelastic 
reponse  to  these  shearing  stresses  are  available.  On  the  other 
hand,  if  such  response  to  shearing  stress  is  too  efficient,  the 
joint  will  fail  at  a  relatively  low  load  level  from  the  accumu¬ 
lated  shearing  deformation  itself. 


7.2  Interfacial  Effects 

In  discussing  the  importance  of  the  rheological  properties 
of  the  bulk  adhesive  interlayer  in  determining  fatigue  degrada¬ 
tion  mechanisms,  mention  should  also  be  made  of  the  role  of  in¬ 
terfacial  effects.  Certainly  in  the  "static"  loading  experiments 
of  Gledhill  and  Kinloch  (Ref.  44  )  the  data  strongly  suggest  that 
the  loss  in  joint  strength  of  a  mild  steel  butt  joint  cemented 
with  a  simple  epoxy  after  immersion  in  water  results  from  the 
adverse  affect  of  water  on  the  interface,  or  interphase,  rather 
than  on  the  bulk  properties  of  the  adhesive.  Their  experiments 
involved  strength  measurements  of  butt  joints  and  of  the  bulk 
"neat"  adhesive  itself  over  a  large  range  of  moisture  uptake 
(up  to  2500  hour  immersion  time) ,  and  over  a  wide  range  of  tem¬ 
peratures  (up  to  and  exceeding  the  glass  transition  temperature, 
Tg,  of  the  adhesive). 

Pre-failure  and  post-failure  analysis  of  the  surfaces  were 
conducted  by  electron  probe  microanalysis.  X-ray  diffraction  and 
by  scanning  electron  microscopy  for  identification  of  chemical 
corrosion  products  and  for  locus  of  failure  details.  Their  stud¬ 
ies  show  that  water  ingression  in  a  joint  results  in  an  absorbed 
water  layer  at  the  interface  which  changes  the  interfacial  thermo¬ 
dynamic  work  of  adhesion  from  a  positive  value  to  a  negative  value 
("spontaneous  debonding")  and  this  provides  the  driving  force  for 
the  displacement  of  the  adhesive  on  the  metal  oxide  surface  re¬ 
sulting  in  joint  strength  degradation.  Their  data  indicates  that 
if  a  joint  is  subjected  to  a  humid  environment,  there  is  a  pro¬ 
gressive  encroachment  into  the  joint  of  this  debonded  interface 
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which  has  the  effect  of  progressively  reducing  the  joint  strength 
and  also  of  progressively  changing  the  locus  of  failure  from 
cohesive  within  the  dry  adhesive  region  to  interfacial  between 
the  "wet"  adhesive  areas  and  the  substrate.  The  rate  of  this 
debonding  is  controlled  by  the  availability  of  water  at  the  in¬ 
terface  which  is  governed  by  the  diffusion  of  water  (with  acti¬ 
vation  energy  32kJ/mole)  through  the  adhesive.  The  rate  of  in¬ 
terfacial  debonding  is  greatly  increased  above  T„  and  possible 
chemical  degradation  of  the  adhesive  occurs  at  this  high  tempera¬ 
ture.  Corrosion  is  also  shown  to  occur  in  the  debonded  substrate 
region  as  the  initial  ferric  oxide  (Fe202)  is  converted  to  mag¬ 
netic  iron  oxide  (Fe304)  in  the  presence  of  water. 

A  works  of  adhesion  model  has  been  developed  at  General 
Dynamics  to  predict  the  relative  environmental  stability  of  an 
adhesively  bonded  system  in  any  liquid,  including  water,  and 
in  air.  This  is  described  in  detail  in  Ref.  45  .  Defined  in 
the  three-phase  model  are:  a  locus  (straight  line)  of  effective 
bond  coordinates  in  the  wettability  diagram  on  which  the  bond 
stability  is  unchanged;  regions  on  either  side  thereof  where  the 
interfacial  bond  is  more  stable  and  less  stable  unon  water  im¬ 
mersion;  a  locus  (circle)  encompassing  the  adhesive  bond  coordi¬ 
nates  within  which  the  liquid  immersant  will  cause  spontaneous 
debonding  of  the  joint.  This  model  predicts  environmental 
stability  criteria  described  by  a  current  facture  mechanics 
model  of  moisture  stability  of  adhesively  bonded  systems  (see, 
for  example,  Ref.  46  )  and  additional  criteria. 

In  another  study  involving  the  application  of  a  combination 
of  static  stress  and  solvolysis  to  tapered  double  cantilever  beam 
(TDCB)  specimens  containing  a  precrack,  it  is  shown  experimentally 
that  true  interfacial  failure  is  possible  (Ref.  47  ) .  Further¬ 
more,  the  authors  show  that  while  rapid  cracking  of  the  epoxide 
bond  of  the  TDCB  specimen  results  in  center  of  bond  failu^,  slow 
crack  extension  in  a  humid  environment,  or  liquid  water,  can  take 
place  at  the  interface. 

Whereas  this  interfacial  effect  may  be  operative  in  the 
static  loading  case  in  the  predominantly  Mode  I  loading  examples 
of  the  butt  joint  and  stress-solvoly tic  cracking  study  cited 
above,  it  is  not  possible  to  generalize  its  importance  in  the 
cyclic  loading  case  in  the  predominantly  Mode  II  loading  example 
of  the  model  lap  shear  joint. 

Two  excellent  review  articles  on  various  aspects  of  environ¬ 
mental  failure  of  structural  adhesive  joints  are  presented  by 
Wake  (Ref.  48  )  and  Kinioch  (Ref.  49  ). 


7.3  Fatigue  Degradation  Mechanisms 


Adhesives  fail  in  fatigue.  They  do  sc,  in  analogy  with 
more  well-studied  metals,  because  of  a  cycle-by-cycle  accumula¬ 
tion  of  damage  resulting  from  repeated  non-elastic  strain.  This 
strain  can  further  be  influenced  by  frequency  of  loading,  tem¬ 
perature,  humidity  and  time  (viscoelastic)  effects.  After  a 
sufficient  number  of  stress  (strain)  applications  numerous  micro¬ 
cracks  form,  grow  incrementally  and  eventually  propagate  in  an 
unstable  manner,  resulting  in  specimen  failure. 

The  results  of  other  studies  in  bonded  joint  behavior  are 
surveyed  for  comparison  in  the  current  program:  for  example,  the 
damage  mechanisms  proposed  by  Sutton  (  Ref.  40)  for  an  epoxy 
are  not  unlike  those  found  for  our  adhesives.  Photomicrographs 
of  the  fatigue  fracture  surface  in  Sutton's  adhesive  tensile 
coupons  reveal  no  observable  striations,  but  show  a  rough  hackle 
whose  features  are  roughly  one  or  two  orders  of  magnitude  larger 
than  the  average  growth  per  cycle.  The  rough  surface  hackle  is 
also  characteristic  of  failed  surfaces  of  FM-73M  observed  in  the 
current  program.  In  addition,  the  presence  of  cleavage- like  or 
branch  cracking  mechanisms  (river  marking)  in  failed  epoxy  re¬ 
corded  by  Sutton  and  others  have  been  observed  in  the  fatigue 
behavior  program. 

The  two  different  fracture  modes  observed  by  Marceau  et  al . 

(  Ref.  7  ),  the  one  type  in  fast  cyclic  tests  (  30  cps) 

and  the  other  type  in  the  slower  cyclic  rate  tests  and  in  the 
sustained  load  tests,  have  also  been  observed  in  the  Fatigue 
Behavior  program.  In  the  former  case,  a  fingernail  fatigue  type 
pattern  initiates  in  the  bondline  at  the  load  transfer  edges, 
then  slowly  propagates  adhesively  towards  the  center  up  the  over¬ 
lap  with  fatigue  cycling,  after  which  the  failure  mode  changes 
and  ultimate  fracture  occurs  cohesively  and  instantaneously  over 
the  remainder  of  the  joint.  In  the  latter  case  (slow  cyclic  and 
static  tests),  the  fracture  is  virtually  entirely  in  the  center 
of  the  bond  in  the  cohesive  mode.  Figure  7  shows  the  two  frac¬ 
ture  modes  observed  for  fast  and  slow  cycling  by  Marceau  et  al . 
Figure  7  herein  shows  schematically  the  fracture  mode  for  fast 
cycling.  The  observed  failure  modes  in  FM-73M  model  joints  as 
a  function  of  various  environmental  conditioning  and  testing 
parameters  are  summarized  as  follows.  A  main  feature  of  damage 
in  the  interlayer  is  the  initiation  of  small  internal  cracks 
ar  "md  the  individual  matte  scrim  fibers,  initiating  at  the  high 
stress  edge  of  the  overlap.  With  fatigue  cycling,  more  fibers 
become  the  centers  of  these  small  internal  cracks  which  coalesce 
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to  form  larger  internal  cracks  propagating  into  the  center  of 
the  joint  along  the  matte  scrim  plane,  thus  weakening  the  joint. 
The  following  different  situations  occur. 


7.3.1  Dry  FM-73M  Joint,  Room  Temperature  Case 

In  addition  to  the  scrim  plane  cracking  phenomenon  occur¬ 
ring  during  fatigue  cycling,  the  high  peel  (and  shear)  stresses 
at  the  corner  singularity  edge  initiate  a  primarily  adhesive 
delamination  which  propagates  along  the  adhesive-adherend  in¬ 
terface,  probably  along  the  aluminum  oxide-primer  interphase, 
giving  the  fingernail  feature  described  earlier.  As  this  inter¬ 
face  cracking  progresses  along  with  the  competing  cracking  in 
the  scrim  plane,  a  change  in  mode  to  cohesive  failure  along  the 
scrim  plane  finally  occurs  probably  due  to  weakening  of  the  joint 
by  the  crazing  in  the  scrim  plane. 

This  interfacial  delamination  increases  with  decreasing  fa¬ 
tigue  load  level  and  increases  with  increasing  fatigue  frequency. 
In  the  low  frequency  limit,  i.e.,  the  static  loading  case,  this 
interfacial  delamination  is  almost  non-existant  so  that  static 
cohesive  failure  along  practically  the  entire  scrim  plane  occurs. 


7.3.2  Wet  FM-73M  Joint,  and  High  Temperature  Case 

The  moisture- conditioned  FM-73M  adhesive  interlayer  is  plas¬ 
ticized  to  a  high  degree  with  even  the  central  section  of  the 
overlap  at  approximately  807o  of  saturation  after  9  months  (See 
Fig  .  104  ) .  It  is  even  possible  that  moisture  has  ingressed 

along  the  matte  scrim  fiber-modified  epoxy  resin  interface  suf¬ 
ficiently  to  weaken  the  structure  along  and  close  to  the  high 
stress  edge  (  cf . ,  Wakes  wicking  phenomenon  (Ref.  48  )).  Thus 
no  matter  what  the  environmental  testing  parameters  area,  the 
joint  fails  almost  entirely  in  the  cohesive  mode  along  the  plas¬ 
ticized  fiber-resin  plane.  That  this  wicking  phenomenon  is  oc¬ 
curring  is  supported  by  the  following  observation. 

Removal  of  the  adhesive  interlayer  by  the  adherend  etching 
technique  of  a  21-month  moisture  conditioned  specimen  reveals 
optical  opacity  of  the  fiber-epoxy  interface  similar  to  that 
observed  by  Wake  (Ref.  48  )  signifying  a  refractive  index  change 
arising  from  moisture  ingression  at  this  interface.  At  this 
moisture  level,  the  specimen  is  almost  completely  saturated  (see, 
e.g. ,  Fig  .  104)  . 
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The  failure  mode  for  the  hot  dry  model  joint  is  cohesive  in 
the  scrim  plane.  This  is  attributed  to  weakening  of  the  scrim- 
epoxy  interfaces  due  to  the  difference  in  thermal  expansion  and 
thermal  conductivities  of  these  two  materials  under  cyclic  load¬ 
ing. 

Table  6  summarizes  the  relative  importance  of  the  environ¬ 
mental  factors  for  the  model  joint  determined  in  this  program. 
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SECTION  VIII 


CONCLUSIONS  &  RECOMMENDATIONS 


Many  similarities  are  being  noted  between  neat  adhesive  and 
bonded  joint  fatigue  behavior;  e.g.,  displaying  lower  stiffness 
at  high  temperature  and  load- deflection  hysteresis  losses  vary¬ 
ing  with  temperature,  moisture  and  loading  frequency,  and  wave 
shape.  The  bonded  joints  have  their  own  non-uniform  stress  dis¬ 
tributions  and,  since  the  first  approximation  analyses  have  as¬ 
sumed  linear  behavior,  care  must  be  exercised  in  making  "correla¬ 
tions"  at  this  time.  The  adherend  etched  joints  reveal  "crazed" 
and/or  "cracked"  regions  that  verify  the  approximate  analytical 
stress  distributions,  and  these  damaged  regions  precede  and  ac¬ 
company  the  contiguous  cracks.  The  measured  joint  compliance 
change  is  due  for  the  most  part  to  crazing  and  crack  growth  which 
constitutes  irreversible  damage.  Certainly  one  major  mechanism 
of  fatigue  damage  is  crack  growth  whose  growth  rate  is  sensitive 
to  temperature,  moisture,  loading  frequency  and  wave  shape. 

Specific  conclusions  and  recommendations  concerning  the  in¬ 
dividual  tasks  in  this  program  are  summarized  below: 

Specimen  Fabrication 

°  Procedures  for  the  fabrication  of  model  joints  with  (250°F- 
cure)  FM-73M  and  (350°F-cure)  FM-400  in  large  numbers  suitable 
for  environmental  testing  have  been  developed,  aided  by  NDE 
techniques,  including  neutron  radiography  and  ultrasonic 
spectroscopy . 

o  Procedures  for  the  fabrication  of  large  quantities  of  neat 

adhesive  coupons  for  time- dependent  response  property  measure¬ 
ments,  and  failure  (fracture)  property  measurements  (material 
characterization)  for  the  aforementioned  adhesive  systems  have 
been  developed. 

Material  Characterization 

°  FM-73M  and  FM-400  adhesives  display  time  and  temperature  de¬ 
pendent  behavior. 

0  FM-73M  absorbs  water,  in  an  anomalous  manner,  with  4%  satura¬ 
tion  at  60°C  (140°F)  and  12%  saturation  at  100°C  (212  F) . 
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°  Moisture  plasticizes  FM-73M  (e.g.,  lowers  Tg  by  40°F)  with 
less  than  30%  neat  strength  reduction. 

°  Moisture  plasticizes  FM-400  (e.g.,  lowers  Tg  by  80°F)  and 
degrades  the  neat  strength  (i.e.,  64 %  lower  at  75°F,  and  in 
bonded  joints,  Ff  =  440  lb.  at  310°F,  100%  RH  (15  cycles 
at  1  Hz) ) . 

°  FM-400  is  especially  sensitive  to  water  and  we  have  tested 

four  other  350°F-cure  systems  for  a  high  temperature  replace 
ment  material  for  FM-400  and  we  think  we  can  make  a  reason¬ 
ably  good  selection  on  the  basis  of  material  characteriza¬ 
tion  tests  on  the  corresponding  neat  adhesive  materials. 

It  is  recommended  that  additional  measurements  of  creep 
compliance  of  neat  (with  scrim)  FM-73M,  and  of  "neat-neat" 
(without  scrim)  FM-73M,  be  conducted  to  provide  more  accurate 
(response  property)  inputs  to  the  finite  element  stress  analysi 
and  to  deduce  the  effects  (if  any)  of  the  scrim,  per  se,  in  the 
joint  failure  modes. 

°  A  suitable  optical  holographic  interferometry  technique  has 
been  developed  to  measure  the  time  (in) dependence  of  the 
Poisson  function  for  dry  FM-73M  at  75°C  over  a  30-day  period 

It  is  recommended  that  measurements  of  Poisson's  ratio  be 
extended  to  cover  other  temperatures  of  interest,  e.g.,  140°F, 
and  for  the  "wet"  adhesives ,  and  to  the  350°F-cure  adhesive  systems 

°  The  fracture  properties  of  neat,  dry  and  wet  FM-73M  have 
been  measured  at  selected  temperatures  (75°F  and  140°F)  and 
frequencies  (10Hz  and  0.1Hz),  including  crack  propagation 
rates  with  time  (under  monotonic  loading) ,  and  with  cycle 
(under  cyclic  (haversine)  loading) ,  yielding  corresponding 
crack  rate,  (da/dt),  vs.  stress  intensity,  (K) ,  and  crack 
growth  with  cycle,  (da/dN),  vs.  sinusoidal  stress  intensity, 
(  \K)  . 

°  The  shifted  crack  propagation  rates  under  monotonically  in¬ 
creasing  intensity  show  the  same  log-log  straight  line  be¬ 
havior  for  the  different  loading  and  environmental  combina¬ 
tions  within  a  factor  of  +  one  decade  in  da/dt. 

°  The  shifted  da/dN  vs.  AK  curves  for  the  different  loading 
and  environmental  combinations  show  no  common  slope  indica¬ 
ting  possibly  that  at  high  temperatures,  plasticity  or  simi¬ 
lar  nonlinear  effects  are  occurring. 
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°  Now  that  adequate  testing  procedures  have  been  optimized  for 
these  measurements,  it  is  recommended  that  the  tests  be  ex¬ 
tended  over  wider  temperature  and  frequency  ranges . 

°  The  fairly  extensive  material  characterization  tests  on  four 
candidate  replacement  adhesives  for  FM-400,  viz AF  147, 

PL  729-3,  N  329-7  and  RB  398,  show  that  neither  of  the  latter 
four  adhesive  systems  display  material  property  characteris¬ 
tics  which  can  be  considered  decided  improvements  over  those 
of  FM-400  for  high  temperature  application  . 

°  The  four  candidate  350°F-cure  materials  have  comparable  log- 
log  creep  compliance  slopes  in  the  temperature-reduced  time 
range  tested.  The  low  compliance  materials,  N329-7  and  RB-398, 
appear  on  the  Smith  plots  with  relatively  low  elongation,  while 
the  more  compliant  materials,  PL729-3  and  AF-147,  seem  to  ex¬ 
hibit  some  measure  of  ductile- like  behavior  leading  to  a  tougher 
failure  characteristic.  However,  the  less  compliant  materials 
might  also  achieve  high  elongations  provided  they  are  tested 
under  higher  temperatures  and/or  for  longer  periods  of  time. 

It  is  recommended  that  a  new  generation  of  350°F-cure  adhesive 

systems,  based  on  chemistry  different  from  the  current  modified 

epoxy  used,  be  sought. 

°  Material  characterization  measurements  must  be  accurate  if 
statements  about  the  fracture  processes  in  bonded  joints  are 
to  be  made.  Also,  a  better  knowledge  of  sources  of  specimen- 
to-specimen  variability  and  its  control  is  required. 

°  Although  we  did  not  pay  specific  attention  to  the  effect  of 

primer  in  this  program,  it  appears  that  some  of  the  unexplained 
behavior  of  the  model  joint  may  be  associated  with  our  lack  of 
knowledge  of  the  primer  role  and  the  viscoelastic  (response) 
and  failure  properties  thereof. 

o  Practically  all  our  measurements  required  material  "shakedown" 
indicating  that  the  manufacturing  process  was  such  as  to  foster 
physical  aging. 

°  Stresses  induced  by  cure  shrinkage  are  large  in  combination 
with  thermally  induced  stresses  on  cool  down  and  are  of  the 
same  order  of  magnitude  as  tensile  failure  stress. 

o  Stress  relief  induced  by  moisture  ingression  and  heating  does 
not  appear  to  be  sufficient  to  nearly  offset  effects  due  to 
cure  shrinkage. 


Stress  Analysis 


°  The  finite  element  MARC  stress  analysis  procedure  applied  to 
the  model  joint  shows  that  bonded  joints  have  their  own  stress 
distributions  which  are  non-uniform  with  normal  (peel)  and 
shear  stresses  varying  by  orders  of  magnitude  throughout  the 
thickness  of  the  bondline. 

It  is  recommended  that  "thickness -averaged”  stress  analyses 
procedures  of  bonded  structures  commonly  used  by  structural  en¬ 
gineers  cannot  be  considered  representative  of  good  design  pro¬ 
cedures  and  should  be  abandoned. 

°  The  finite  element  MARC  analyses  performed  confirm  the  pres¬ 
ence  of  the  corner  singularity  at  the  overlap  edge  of  the  bonded 
joint. The  large  stresses  created  by  this  singularity  provide  a 
natural  site  for  debonds  or  interfacial  cracks  to  initiate  and 
propagate  and  this  is  in  fact  found  to  be  the  case. 

°  The  aluminum  adherends  of  the  model  joint  are  not  stiff  enough 
to  be  considered  "rigid"  as  shown  by  the  redistribution  of 
stresses  in  the  adhesive  layer  during  a  viscoelastic  analysis 
of  the  model  joint. 

°  The  finite  element  analyses  show  a  significant  stress  variation 
through  the  adhesive  thickness  near  the  edge  of  the  overlap. 

This  behavior  dies  out  rapidly. 

°  The  response  of  the  model  joint  (i.e.,  displacement)  is  not 
very  sensitive  to  changes  in  the  adhesive  modulus.  A  substan¬ 
tial  portion  of  the  displacement  is  due  to  bending  of  the  alum¬ 
inum  adherends. 

°  The  3-parameter  material  model  used  in  the  viscoelastic  analyses 
is  too  limited  to  allow  accurate  prediction  to  be  made  of  the 
model  joint  response. 

It  is  recommended  that  the  revised  MARC  code,  with  the  more 
general  Prony  series,  be  used  in  the  future  to  provide  much  improved 
results  in  stress  analysis  of  bonded  structures. 

°  The  nonlinear  response  of  the  adhesive  material  is  an  important 
consideration  when  predicting  the  response  of  the  model  joint. 
Cost  effective  analysis  of  bonded  joints  including  nonlinear  visco¬ 
elastic  materials  will  most  likely  require  specialized  codes. 


168 


f 


0  The  stresses  based  on  lastic  analysis  resulting  from  cure 
shrinkage  and  cool  dow..  of  6600  psi  are  very  close  to  the 
room  temperature  allowable  of  FM-73M  of  7000  psi. 

°  Viscoelastic  stress  analysis  is  possible  and  feasible  pro¬ 
vided  deformation  (response)  properties  are  measured  accur¬ 
ately  and  a  suitable  computer  code  (finite  element)  accepting 
general  viscoelastic  properties  is  made  available  (e.g.,  Prony 
computer  program  as  a  starter)  . 

°  Even  using  thick  adherends  was  not  sufficient  to  justify  the 
assumption  that  the  adherends  can  be  treated  as  infinitely 
stiff  in  comparison  to  the  adhesive.  As  a  consequence,  the 
stress  distribution  in  a  joint  will  vary  with  time,  even  under 
constant  (creep)  load. 

Bonded  Joint  Testing 

°  The  use  of  the  standard  clip  compliance  gage  to  measure  the 
load-deflection  response  characteristics  of  the  model  joint 
has  proved  suitable  for  most  of  the  environmental  ranges  of 
(mechanical)  loading  frequency,  temperature  and  humidity,  ex¬ 
cept  for  the  high  temperature  range  (310°F  for  FM-400) . 

°  Changes  in  these  response  characteristics  have  been  shown  to 
yield  detailed  information  on  the  damage  processes  occurring 
in  the  adhesive  interlayer  as  a  function  of  the  various  load¬ 
ing  and  environmental  parameters. 

°  Changes  in  the  stiffness  of  the  joint,  as  measured  by  the  aver¬ 
age  slope  of  the  load-deflection  curves  are  directly  related 
to  the  initiation  and  propagation  of  the  interface  crack  from 
the  high  stress  edge. 

°  The  same  results  are  obtained  for  center-hole-notched  neat  adhe¬ 
sive  coupons  of  FM-73M. 

°  Many  similarities  have  been  noted  between  neat  and  bonded  joint 
behavior,  e.g., 

(a)  lower  stiffness  at  higher  temperature, 

(b)  hysteresis  losses  varying  with  temperature  and  frequency, 

(c)  strength  reduction  with  moisture  in  FM-400. 

°  It  is  even  suggested  that  bonded  joint  response  and  fracture 
properties  may  be  predictable  on  the  basis  of  the  response  and 
fracture  properties  of  the  adhesive  material  itself,  provided  an 
accurate  stress  analysis  of  the  joint  (interlayer)  is  effected 
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with  a  suitable  finite  element  procedure,  such  as  the  MARC 
with  the  Prony  series  modification. 

°  Variability  in  the  load-deflection  data  of  the  joint  of  the 
order  of  a  factor  of  3  or  5  in  many  cases,  e.g.,  in  the 
number  of  cycles  to  failure  for  identical  conditions,  pre¬ 
cludes  the  development  of  specific  quantitative  relationships 
involving  combinations  of  the  various  loading  and  environmental 
parameters . 

It  is  recommended  that  the  number  of  replicate  samples  for 

any  set  of  conditions  be  increased  at  least  three-fold  for  statis¬ 
tical  significance. 

°  The  total  time  under  load  is  more  important  than  the  number  of 
cycles,  N,  and  the  loading  wave  shape  (  sinusoidal,  square 
wave)  makes  little  difference  within  variability  limits  of  the 
data . 

°  Changes  in  the  effective  joint  stiffness  ratio  depends  mostly 
on  (interfacial)  crack  advance  thus  establishing  that  the  joint 
stiffness  ratio,  K^/K^,  after  shakedown  is  a  good  measure  of 
the  crack  advance . 

°  The  rate  of  stiffness  change  with  number  of  cycles,  N,  indi¬ 
cates  crack  growth  rate,  with  wet  joints  showing  a  stronger 
growth  rate  dependence  than  the  corresponding  dry  joints. 

°  Failure  of  the  joint  results  when  the  joint  stiffness  ratio 

decreases  by  a  given  amount,  the  latter  depending  on  the  applied 
load.  Joints  that  do  not  achieve  this  decrease  in  stiffness 
ratio  do  not  fail  and  there  does  not  seem  to  be  a  large  differ¬ 
ence  in  this  (joint  failure)  level  as  a  function  of  water  content. 

°  The  effective  joint  stiffness  ratio  decreases  with  decreasing 
(maximum)  load  level . 

°  Increased  load  level,  temperature  and  moisture  content  all 

decrease  the  joint  stiffness  ratio  and  shorten  joint  lifetime; 
and  the  effect  of  frequency  is  reflected  in  the  total  time  the 
joint  is  under  load. 

°  In  joint  testing  a  small  range  of  loads  was  used.  Too  high 
loads  would  lead  to  rapid  joint  failure  in  the  predominantly 
shakedown  phase  and  too  low  loads  would  require  an  inordinately 
long  time  to  complete  each  test  in  a  reasonable  period  of  time, 
especially  under  the  conditions  of  the  extensive  range  of  para¬ 
meters  in  the  test  matrix.  Also,  the  crack  growth  rate  is  a 


high  power  of  the  stress  intensity  and  hence  load  level. 

Because  of  the  toughness  of  the  bonded  joints,  it  was  only  when 
unusually  high  amplitudes  and  temperatures  were  used  that 
effects  could  be  measured  in  reasonable  times.  Accordingly, 
the  results  represent  relatively  short  term,  accelerated  test 
conditions . 

It  is  recommended  that  further  studies  by  considered  on  the 
rate  of  fatigue  damage  accumulation,  and  especially  on  extrapola¬ 
tion  of  results  from  these  short  term  over  tests,  to  define  equiva¬ 
lent  lifetimes  expected  in  the  less  severe,  actual  service  environ¬ 
ments  . 

Post-Test  Examination 

°  Optical  analysis  of  adhesive  interlayers  at  various  fractions 
of  joint  lifetime  show  that  in  dry,  cold  model  joints  failure 
initiates  and  propagates  as  an  interface  crack  from  the  high 
stress  corner  singularity,  and  is  accompanied  by  a  crazed 
region  in  the  scrim  plane,  with  final  bond  failure  occurring 
in  the  cohesive  mode  in  this  scrim  plane.  In  the  hot  and/or 
wet  model  joints,  failure  occurs  primarily  in  the  cohesive 
mode  (in  the  scrim  plane) ,  with  only  a  vestige  of  an  initial 
interface  debond  apparent. 

°  The  dimensions  of  the  corresponding  debond  and  cohesively- 
failed  zones  are  dependent  on  specimen  condition  (dry,  wet), 
temperature,  load  level  and  frequency  of  cycling. 

°  The  crack  and  craze  zones  verify  the  approximate  spatial  stress 
distribution  predicted  by  the  stress  analysis  and  these  con¬ 
stitute  irreversible  (permanent)  damage. 

°  The  measured  joint  compliance  changes  can  be  reasonably  accounted 
for  in  terms  of  the  interface  crack  propagation  or  debond  length 
(and  accompanying  scrim  plane  craze) . 

°  The  change  in  stiffness  of  the  neat  (fracture  energy)  specimen, 
is  also  accounted  for  as  due  to  crack  growth . 

°  A  major  mechanism  of  joint  fatigue  damage  is  crack  growth,  and 
this  crack  growth  rate  is  sensitive  to  temperature,  moisture, 
and  total  time  under  load,  rather  than  to  frequency  or  wave 
shape,  per  se. 
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It  is  recommended  that  microtome  techniques  with  osmium 
tetroxide  staining  be  used  to  study  the  finer  details  of  damage 
in  the  craze  region  in  the  scrim  plane. 

°  XPS  surface  analysis  of  the  adhesive  surface  of  the  interface 
debond  indicates  that  the  crack  forms  in  the  aluminum  oxide 
interphase  region  of  the  joint. 

°  High  resolution  XPS  analysis  reveals  chemical  aging  in  long¬ 
term  moisture-conditioned  FM-73M. 

It  is  recommended  that  these  two  effects  be  studied  system¬ 
atically  by  XPS  techniques  to  elucidate  on  the  nature  of  the 
chemical  kinetics  involved. 
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